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C−f→ln/an Interactions and Molecular Cerium(III) Photochemistry
Abstract
Part I: Ligand design is at the crux of molecular f-block element chemistry where well-defined ligand
frameworks allow rational coordination and reaction chemistry. In the first part of this work, the C−F→Ln/An
interaction, a type of non-covalent interaction, was incorporated into amide complexes of f-block cations.
Solid-state and solution evidence for the presence of C−F→Ln/An interactions was presented. Collective
impacts of multiple C−F→Ln/An interactions on the molecular geometries and electronic structures were
investigated through experimental and computational studies. The labile nature of C−F→Ln/An interactions
allowed their displacement by donor molecules opening a venue toward unconventional coordination
chemistry of f-block cations.
Part II: The replacement of the element samarium for cerium in one-electron reduction reactions is desirable
for economic and sustainability reasons. Notably, cerium is comparable to base metals in terms of abundance.
At the crux of such replacement is the capability of producing cerium(III) species with comparable or
superior reduction potentials than samarium(II) iodides. In the second part of this work, this issue was
tackled with photochemical methods taking advantage of energetically accessible 4f→5d absorptive transitions
of cerium(III) cations. Luminescent cerium(III) complexes in their long-lived doublet d-orbital based excited
states are more reducing than in ground states, allowing for their electron transfer to substrates. Significant
insight is provided into the photophysics of cerium luminescence through the preparation and comparison of
two complete mixed-ligand series of luminescent cerium(III) complexes. The photochemical reactivity of
























Presented to the Faculties of the University of Pennsylvania 
in 
Partial Fulfillment of the Requirements for the 




Supervisor of Dissertation       
________________________      
Dr. Eric J. Schelter        
Associate Professor of Chemistry       
 
Graduate Group Chairperson 
________________________ 
Dr. Gary A. Molander 
Hirschmann-Makineni Professor of Chemistry 
 
Dissertation Committee  
Dr. Patrick J. Walsh, Professor of Chemistry 
Dr. Donald H. Berry, Professor of Chemistry 





































































The creation of this dissertation won’t be possible without the guidance, support and 
suggestions from many individuals. It’s to them that I owe my deepest gratitude.  
First and foremost, I want to express my sincere gratitude to my advisor Prof. Eric 
Schelter for his guidance and patience. He not only encourages me to think critically but also 
guides me through the process of identifying hypothesis, developing arguments and presenting 
results. The type of academic training I received from him as a graduate student prepares me 
well for my future career. I want to acknowledge my dissertation committee Prof. Patrick Walsh, 
Prof. Donald Berry and Prof. Ivan Dmochowski for their guidance and suggestions. I would also 
like to thank Prof. Jessica Anna for being a very knowledgeable collaborator on spectroscopy. 
Prof. Christopher Graves and Prof. Neil Tomson are thanked for their suggestions and help. In 
addition, I want to thank Prof. Xuefeng Fu at Peking University for her guidance when I was an 
undergraduate in her research lab.  
I am indebted to Dr. Patrick Carroll and Dr. Brian Manor for their help and support in X-
ray crystallography. I am also grateful to Dr. George Furst, Dr. Jun Gu and Dr. Rakesh Kohli for 
running the NMR and mass spectroscopy facilities. Dr. Judith Currano was acknowledged for 
providing library service.  
In the past five years, I worked with a number of excellent graduate students, 
undergraduate students, postdocs and visiting scholars in the Schelter group. Especially, I want 
to acknowledge Dr. Andrew Lewis, from whom I learnt a lot when I first join the group in 2011. I 
also want to thank our good neighbors the Walsh group and the Tomson group. I really enjoyed 
the coffee break everyday with two inspiring characters, Dr. Jiadi Zhang and Dr. Tiezheng Jia. 
The Chenoweth group, the Petersson group and the Park group are acknowledged for letting us 







Finally, I wish to express my gratitude for my parents, Weimin Yin and Lijun Cai for they 































C−F→LN/AN INTERACTIONS AND MOLECULAR CERIUM(III) PHOTOCHEMISTRY 
Haolin Yin 
Dr. Eric J. Schelter 
Part I: Ligand design is at the crux of molecular f-block element chemistry where well-defined 
ligand frameworks allow rational coordination and reaction chemistry. In the first part of this work, 
the C−F→Ln/An interaction, a type of non-covalent interaction, was incorporated into amide 
complexes of f-block cations. Solid-state and solution evidence for the presence of C−F→Ln/An 
interactions was presented. Collective impacts of multiple C−F→Ln/An interactions on the 
molecular geometries and electronic structures were investigated through experimental and 
computational studies. The labile nature of C−F→Ln/An interactions allowed their displacement 
by donor molecules opening a venue toward unconventional coordination chemistry of f-block 
cations. 
Part II: The replacement of the element samarium for cerium in one-electron reduction reactions 
is desirable for economic and sustainability reasons. Notably, cerium is comparable to base 
metals in terms of abundance. At the crux of such replacement is the capability of producing 
cerium(III) species with comparable or superior reduction potentials than samarium(II) iodides. In 
the second part of this work, this issue was tackled with photochemical methods taking 
advantage of energetically accessible 4f→5d absorptive transitions of cerium(III) cations. 
Luminescent cerium(III) complexes in their long-lived doublet d-orbital based excited states are 
more reducing than in ground states, allowing for their electron transfer to substrates. Significant 
insight is provided into the photophysics of cerium luminescence through the preparation and 
comparison of two complete mixed-ligand series of luminescent cerium(III) complexes. The 
photochemical reactivity of excited-state cerium(III) complexes were demonstrated in both 
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Chapter 1. Introduction 
1.1 Importance of f-block Elements in Technologies. f-Block elements find uses in various 
technologies based on their unique optical, magnetic and electronic properties.1 For example, the 
narrow-band 4f→4f emissions from lanthanide cations allowed for the use of terbium oxides 
(Tb2O3) and europium oxides (Eu2O3) as green and red phosphors in cathode ray tube (CRT) 
televisions.2 Similarly, the 4F3/2→4I11/2 emission of the Nd3+ cation underlay the basis for the 
development of near infrared lasers with Nd3+ doped yttrium aluminium garnet (YAG:Nd).3 
Conversely, lanthanide cations demonstrate broad 5d→4f emission bands.4 Such 
photoluminescence properties allowed Ce3+ doped yttrium aluminium garnet (YAG:Ce) to be used 
as phosphors in white light-emitting diodes (LEDs).5,6 The radioluminescence property of the Ce3+ 
cation was also exploited in the development of γ-ray scintillation crystals with short response 
times.7 In addition to the luminescence applications, f-block elements were also widely exploited 
for their magnetic properties. Neodymium magnets (Nd2Fe14B) and samarium-cobalt alloys are 
popular permanent magnets used in a variety of applications, including wind turbines and hard 
disks.8 Gadolinium(III) containing complexes were established as contrast agents for magnetic 
resonance imaging (MRI) applications.9 The capability of cerium to convert between +3 and +4 
oxidation states allowed for ceria (CeO2) to demonstrate non-stoichiometric oxygen contents, 
leading to its application in catalytic converters for automotive exhaust treatment.10-12  
The involvement of f-valence orbitals for f-block elements resulted in their distinct 
properties compared to transition metal and main group elements. These properties allow f-block 
elements to play irreplaceable roles in modern technologies. One would also expect increased 
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1.2 Challenges in f-Block Element Coordination Chemistry. The study of coordination and  
reaction chemistry of molecular f-block element complexes is not only driven by academic 
interests, but also associated with the development of new molecular functional materials and 
discovery of unprecedented applications. The principles revealed in the study of molecular 
chemistry of f-block elements can also provide feedback to the design of new solid-state 
materials.  
The challenges in f-block element coordination chemistry root from several aspects. First, 
f-block cations bear large ionic radii. Comparison of Shannon radii13 for six-coordinate trivalent 
lanthanide and uranium cations with selected transition metal and main group cations in +3 
oxidation states are shown in Figure 1.2.1. The radii of f-block element cations are generally 
above 100 pm, underlying their demands for sterically encumbering ligands and/or high 
coordination numbers.  
 
Figure 1.2.1 Shannon radii of six-coordinate +3 cations of lanthanides, uranium and selected 
transition metal and main group +3 cations. 
 
Second, the valence f-orbitals demonstrate limited radial extension.14 The poor orbital overlap of 
f-orbitals with ligand orbitals limits the covalency in bonding. Rather, the bonding of lanthanide 
and low-valent actinide cations is dominated by ionic character. The metal ligand bonding for 
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these cations is non-directional and does not allow coordination chemistry analogies to transition 
metals and main group elements. Finally, the high Lewis acidity of f-block element cations 
underlies their tendency to coordinate donor solvent molecules, such as tetrahydrofuran, diethyl 
ether, pyridine and water. When no donor molecule is available to saturate the coordination 
sphere of the cation, oligomerization often occurs.4  
 
Figure 1.2.2 Selected examples of recent advances in f-block element chemistry based on steric 
control.  
 
Based on the above observations, ligands with low steric profiles typically lead to dimeric 
and oligomeric complex formation with large f-block cations. To access well-defined coordination 
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modes, researchers have employed ligands with high spatial occupancy for f-block cations. Much 
of the success in early development of f-block organometallic chemistry was achieved with η5-
cyclopentadienide15 and η8-cyclooctadienide ligands.16-18 In particular, the steric protection of 
trimethylsilyl substituted cyclopentadienide ligands allowed for the isolation of Ln(II), U(II) and 
Th(II) complexes in the [(C5H4SiMe3)3MII]− framework (Figure 1.2.2).19-22 Sterically demanding 
mono-dentate amide ligands23-26  and aryloxide ligands27 were also applied to construct robust 
frameworks, leading to the isolation of mononuclear complexes. 
In recent years, a large number of high impact works were accomplished by using 
tethered ligand frameworks for steric control (Figure 1.2.2). In particular, Meyer and co-workers 
developed a variety of ligands with aryloxide donors tethered by 1,4,7-triazacyclonane 
backbones.28,29 The reaction of a sterically encumbered UIII center with CO2 led to the isolation of 
an unique UIV(κ1-OCO) complex (Figure 1.2.2). This complex was not only the first example of 
CO2 radical anion species, but also the first case of CO2 coordinated linearly to a metal cation.30 
Our group recently reported a tripodal ligand with hydroyxlaminato donors tethered by an amine 
backbone31-33 and demonstrated its coordination chemistry with Ln3+ cations. The equilibrium 
between monomeric and dimeric species was demonstrated to be dependent on the ionic radii of 
metal cations. The difference in solubility between monomer and dimer in benzene solution thus 
allowed the separation of Nd3+ and Dy3+ cations.33  
Even though the steric control and chelation strategies were fruitful in the recent 
development of molecular f-block element chemistry, their limitations were also evident in the 
slow reaction kinetics toward substrates with larger steric profiles. Complexes with extreme steric 
hindrance, such as U[N(SiMe3)2]4, showed only limited reactivity toward ligand substitution.34 
As a new venue toward well-defined complexes without using bulky ligands, our group 
has endeavored to apply non-covalent interactions in the structural design of f-block element 
complexes. Dr. Andrew Lewis demonstrated the role of π-π stacking for the stability of 
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uranium(III) pyrrolylamine complexes.35 He also exploited the cation-π interactions to direct 
secondary cation coordination to a uranyl oxo-group.36 The cation-π interactions were also 
observed by other researchers. For example, two intermolecular cation-π interactions were 
evident in the solid-state molecular structure of the tris(2,6-di-isopropylphenoxyl) neodymium 
complex (Figure 1.2.3).37 In addition, Dr. Jerome Robinson from our group showed the structural 
determining role of alkali metal cations at the secondary coordination sphere in the bimetallic rare 
earth alkali metal 1,1'-bi-2-naphtholate complexes.38,39 Further, air- and water-tolerant rare earth 
guanidinium 1,1'-bi-2-naphtholate complexes were developed as precatalysts for asymmetric 
Lewis acid catalysis. The stability of these complexes were attributable to the hydrogen bonding 
motifs identified in the solid-state structures (Figure 1.2.3).40  
 
 
Figure 1.2.3 Selected literature examples of non-covalent interactions in f-block element 
complexes.  
 
Non-covalent interactions, including M−Cipso interactions41-43 and C−F→M interactions44-46 
also played roles in stabilizing f-block element complexes in relatively open ligand frameworks. 
For example, Bart and co-workers isolated a homoleptic uranium(IV) benzyl complex.42 The 
surprising mono-nuclearity of the complex despite the small steric profile of benzyl ligand can be 
attributed to the presence of four UIV−Cipso interactions observed in the molecular structure 
(Figure 1.2.3). The UIII−Cipso interaction was also evident in the homoleptic amide complex, 
 
 
Chapter 1 – Introduction | 6 
 
 
U{N[SiMe2(C6H5)]2}3.47 The literature precedence of C−F→Ln/An interactions were discussed in 
greater detail in Section 2.2. Our efforts in accessing well-defined molecular f-block element 
chemistry through C−F→Ln/An interactions are exemplified in Chapter 2 and Chapter 3.36,48-51 
1.3 Challenges in Redox Chemistry of Cerium Complexes. Lanthanide complexes were 
widely employed as Lewis acids in organic synthesis.52 Elements such as cerium, samarium, 
europium and ytterbium possess relatively accessible +4 or +2 oxidation states in addition to their 
+3 oxidation states.53 This allows complexes of these elements to initiate radical reactions 
through single electron transfer. In particular, SmI2 was routinely used in organic synthesis54-56 as 
a one-electron reducing agent with a reduction potential of −1.41 V versus Cp2Fe+/0 in THF.54 The 
reduction of substrates by SmI2 is understood to occur through an inner sphere electron transfer 
pathway. The reactivity of SmI2 reagents could be further improved upon addition of strong 
electron donors, such as hexamethylphosphoramide (HMPA) or 1,3-dimethyl-3,4,5,6-tetrahydro-
2-pyrimidinone (DMPU). The reduction potential of resulting complexes were found to be −2.31 V 
and −2.13 V versus Cp2Fe+/0 in THF for HMPA and DMPU, respectively.57  
From a sustainability standpoint, the widespread use of SmI2 is not economical due to its 
relatively low abundance. In contrast, the element cerium is an order of magnitude more 
abundant than samarium in earth’s upper continental crust.58 In fact, the abundance of cerium is 
comparable to base metal elements, including copper, nickel, cobalt and zinc. In terms of mining, 
cerium element accounts for over 50% of rare earth components in the bastäsite ore from 
Mountain Pass, California58 and is readily separated by oxidation methods.59 Traditionally, cerium 
containing complexes were used as potent one-electron oxidants in organic synthesis. A 
representative example of such reagents was cerium(IV) ammonium nitrate (CAN) with a 
reduction potential of +1.02 V versus SCE in acetonitrile at −40 °C.60 However, a survey of 
reduction potentials for CeIII/IV couples revealed its strong dependence on ligand field strength.61 
A number of efforts in our group have been directed toward the preparation of potent cerium(III) 
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reducing agents for replacement of SmI2.32,61-70 For example, the reduction potential of a pyridine 
nitroxide complex of cerium was found to be –1.95 V versus Cp2Fe+/0 in acetonitrile.67 However, 
the low reduction potential of these complexes resulted in their extreme sensitivity to oxygen and 
difficulty in storage. In addition, Dr. Justin Bogart found adding electron donating substituents, 
such as dimethylamine group, to the pyridine nitroxide ring system could not lower the reduction 
potential of CeIII/IV couple as much as expected from Hammett constants.68 Rather, the 
conjugation of, for example, dimethylamine substituents with pyridine ring was broken through 
pyramidalization of the nitroxide nitrogen atom. This precluded the development of more reducing 
cerium complexes in the same ligand framework. 
 As an alternative approach, we envisioned the in situ enhancement of cerium(III) 
reducing power through external physical stimulus. This approach does not necessitate the 
preparation and storage of air and moisture sensitive cerium(III) reducing agents. Our initial 
efforts in accessing potent cerium(III) reducing species through photochemical methods are 
demonstrated in Chapter 4.71 More recent efforts in developing benchtop stable cerium(III) 
reducing agent are shown in Chapter 5.  
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Chapter 2. Studies of C−F→Ln/An Interactions 
2.1 Introduction. f-Block element cations are strong Lewis acids and display great 
affinity toward binding by oxygen and nitrogen containing donor ligands. Common solvent 
molecules, such as diethyl ether, tetrahydrofuran (THF), dimethoxyethane (DME) and 
pyridine (py), often coordinate the electrophilic cations to provide stabilizing effects while 
saturating the coordination sphere of the large cations (ca. 100−126 pm ionic radii for the 
+3 cations with CN = 6).1 Morever, agostic interactions of C−H groups within the 
coordination spheres of f-block cations have been established for decades as important 
structural determinants, for example in the gas phase for compounds such as trigonal 
pyramidal Ce[N(SiMe3)2]3.2 On the other hand, similar bonding patterns involving the most 
electronegative element, that is, C−F→Ln/An interactions,3,4 have been less recognized. 
With the increasing numbers of fluorinated ligands applied to lanthanide and actinide 
chemistry, we surmised an investigation of this bonding motif would be valuable.  
2.2 Literature Precedence of C−F→Ln/An Interactions in solid state and in solution. 
C−F→Ln/An interactions are commonly identified in the solid-state molecular structures 
based on close metal-fluorine contacts. The majority of examples for C−F→Ln/An 
interactions observed in the solid state involve aryl fluoride (Ar−F) moieties tethered to the 
metal cations through C-, N-, O- or S-donors (Figure 2.2.1).5 
Portions of this chapter have been adapted from previous publications. Section 2.1 and 2.2 are 
adapted from "C−F→Ln/An Interactions in Synthetic f-Element Chemistry" Yin, H.; Zabula, A. V.; 
Schelter, E. J. Daltron Trans., 2016, 45, 6313−6323 with permission from The Royal Society of 
Chemistry. Section 2.3 is adapted from "Fluorinated Diarylamides Complexes of Uranium(III, IV) 
Incorporating Ancillary Fluorine-to-Uranium Dative Interactions" Yin, H.; Lewis, A. J.; Williams, U. 
J.; Carroll, P. J.; Schelter, E. J. Chem. Sci. 2013, 4, 798–805 with permission from The Royal 
Society of Chemistry. Section 2.4 is adapted with permission from "Electrophilic Ln(III) Cations 
Protected by C–F→Ln Interactions and their Coordination Chemistry with Weak Sigma- and Pi-
Donors" Yin, H.; Lewis, A. J.; Carroll, P. J.; Schelter, E. J. Inorg. Chem. 2013, 52, 8234–8243. 
Copyright 2013 American Chemical Society.  
 
 




Figure 2.2.1 Generic representation of tethered C(sp2)−F→Ln/An interactions in (a) four-
membered (b) five-membered (c) six-membered rings. 
 
Ortho-fluorine atoms of the pentafluorophenyl (−C6F5) group were found to interact 
in four-, five- or six- membered ring systems with metal cations.6,7 The interaction within 
four-membered ring systems (Figure 2.2.1a) is exemplified by [1,3-tBu2C5H3]2Ce(C6F5).6 
The acute C−F−Ce and (F)C−C−Ce angles (93.7° and 97.5°, respectively) observed in the 
solid-state structure provided evidence for the intramolecular interaction along with the 
short F→Ce contact (2.682(2) Å). Ar−F moieties that interact with Ln/An metal cations can 
also be tethered through N-, O-, or S-donors, leading to a stable five-membered ring 
system (Figure 2.2.1b). Reported examples include trivalent lanthanide or tetravalent 
uranium complexes of fluorinated thiophenolates,8-11 phenolates,12 amides,13 
diaminates,14,15 and formidinates.16,17 Likely due to the potential fluorine atom abstraction 
reactivity, the C−F→LnII interactions have only been observed with the mildly reductive 
Eu2+ cations in polymeric [(thf)2EuII(μ-SC6F5)2]n,8 a class I (trapped-valence)18 mixed-valent 
compound, (dme)3EuIIEuIII(OC6F5)512 and for Yb2+ in a fluorinated diaminate complex.14 
C−F→Ln/An interactions comprising six-membered ring systems (Figure 2.2.1c) are a 
frequently observed bonding motif. Hayton and co-workers reported that treatment of the 
complex: [(C5Me5)2Co][UVO2(Mesacnac)] (Mesacnac = MesNC(Ph)CHC(Ph)O, Mes = 2,4,6-
Me3C6H2), with B(C6F5)3 resulted in a disproportionation reaction leading to 
[(C5Me5))2Co][UIV{OB(C6F5)3}2(Mesacnac)(OEt2)] and UVIO2(Mesacnac)2 with concomitant 
loss of [(C5Me5)2Co]{(Mesacnac)[B(C6F5)3]}.19 The average U−O(oxo) bond length in the 
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anionic UIV complex measured 2.027(6) Å, within the range of U IV−O single bonds.20 Two 
C−F→U interactions from the adjacent −O−B(C6F5)3 ligands resulted in the formation of 
two six-membered rings around the UIV cation. Similar C−F→Ln interactions within six-
membered ring systems have also been observed for lanthanide borohydrides21-23, 
aluminates24 and macrocyclic cages25 with fluorinated aryl-substituents. 
 
Figure 2.2.2 Complexes exhibiting C(sp3)‒F→Ln/An interactions. 
 
Among the reported X-ray structures, only three examples exhibit close contacts 
between metal cations and fluorine atoms from C(sp3)−F moieties (Figure 2.2.2). These 
include a YbII complex of a fluorinated alkoxide ligand with an average F→Yb distance at 
2.719(8) Å and aza-15-crown-5 supporting ligand,26 the trimeric {Pr(OCMe2CF3)3}3 with 
average F→Pr distance of 2.76(2) Å,27 and a recently reported homoleptic lanthanum 
formidinate complex, La(CF3Form)3 with average F→La distance at 2.984(2) Å, CF3Form 
= N,N'-bis(2-trifluoromethylphenyl) formamidinate.28 In the later example, each La3+ cation 
was involved in intramolecular interactions with two C−F bonds from each formidinate 
ligand in addition to bonding with two nitrogen atoms from each formidinate ligand leading 
to an overall coordination number of 12 for the La3+ cation.  
Intermolecular C−F→Ln/An interactions have also been noted for [(C5Me5)2Sm(μ-
C6F5)]229 resulting in dimeric molecular units in the solid state. The two Sm3+ cations were 
associated with one another through C−F→Sm interactions from ortho-fluorine atoms of 
the pentafluorophenyl groups. An X-ray diffraction study of [(C5Me5)2Th(CH3)][B(C6F5)4] 
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showed the coordination of the electrophilic ThIV center by [B(C6F5)4]−, a classical non-
coordinating anion, through the interactions with ortho- and meta-fluorine atoms.30 The 
close association of the [B(C6F5)4]− anion had also been identified for trivalent 
scandium31,32 and trivalent yttrium33 cations in the solid state. Although fluorobenzene 
adducts of ScIII and TiIV complexes32,34 are known, zero structural examples of an f-block 
element cation interacting with independent, neutral organo-fluorine moiety have been 
reported to date. 
The persistence of C−F→Ln/An interactions in solution is evident from solution 
NMR spectroscopy. The earliest report of C−F→Ln interactions in solution came from 
studies of applying Yb(fod)3 (fod = 7,7,-dimethyl-1,1,2,2,2,3,3-heptafluoroocta-7,7-
dimethyl-4,6-dionate) as an 1H NMR shift reagent for alkyl fluorides.35 A concentration 
dependent solution 1H NMR shift was noted for n-propyl fluoride upon addition of Yb(fod)3, 
indicating the association of alkyl fluorides with the paramagnetic Yb3+ cation through 
C−F→Yb interactions. 19F NMR spectroscopy is a more direct tool for observing 
C−F→Ln/An interactions. For C−F→Ln/An interactions involving diamagnetic metal 
centers, both a shifted 19F NMR signal of the associated fluorine atoms and reduced JC−F 
coupling constant between the carbon and fluorine atoms are expected.25 With 
paramagnetic metal centers significant broadening and paramagnetic shifts would be 
expected for the signals of the associated fluorine atoms. 
 With the increasing number of molecular structures involving C−F→Ln/An 
interactions reported in literature, we decided to carry out systematic studies toward 
understanding the nature and strength of C−F→Ln/An interactions. We were also 
interested in investigating the impacts of C−F→Ln/An interactions to the electronic 
structures of the metal cations as well as to the coordination geometries of the complexes.  
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2.3 Fluorinated Diarylamide Complexes of Uranium(III, IV) 
2.3.1 Synthesis and Characterizations. As our first step toward studying C−F→Ln/An 
interactions, we sought to prepare homoleptic uranium(IV) complexes with fluorinated diarylamide 
ligands. The proteo-complex, U[N(C6H5)2]4, was reported by Edelstein and co-workers.36 In the 
reported synthesis, complex U[N(C6H5)2]4 was prepared by salt metathesis reaction from UCl4 in 
low yield or through transamination from U2[N(C2H5)2]8 in 80% yield. However, the precursor 
U2[N(C2H5)2]8 was only obtained in 30% yield.37 Our initial attempts of salt metathesis reactions 
between UCl4 and K[N(C6F5)2](Et2O) resulted only in inseparable mixtures of “-ate” complexes 
retaining one or two chloride ligands in a variety of solvents, including THF, Et2O and toluene. To 
avoid formation of unwanted “-ate” complexes, we chose UI4(Et2O)238 instead of UCl4 as our 
starting material for the salt metathesis reactions. This choice was rationalized based on the low 
tendency of alkali metal iodides to form “-ate” complexes. Thus, single-step salt metathesis 
reactions between UI4(Et2O)2 and 4 equiv of the corresponding potassium amide salts carried out 
in Et2O readily afforded uranium(IV) tetrakis(diarylamide) complexes (Figure 2.3.1) including 
U[N(C6H5)2]4, U[N(C6H5)ArF]4 (ArF = 3,5-di(trifluoromethyl)phenyl), U[N(C6F5)2]4 (2.1) and 
U[N(C6F5)(C6H5)]4 (2.2) in good isolated yields.39  
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A comparison of X-ray molecular structures for U[N(C6H5)2]4, U[N(C6F5)(C6H5)]4 (2.2) and 
U[N(C6F5)2]4 (2.1) revealed impacts of C−F→U interactions on the coordination geometries. The 
local geometry of the UN4 core in a uranium(IV) tetrakis(amide) complex can be represented by τ4 
notation,40 
 
where α and β are the largest and second largest N−U−N angles in the complex. τ4 values of 0 
and 1 are expected for four-coordinate metal centers in square planar coordination geometry and 
tetrahedral coordination geometries, respectively. 
 
Figure 2.3.2 Comparison of τ4 values calculated for UN4 coordination geometries of 
representative homoleptic UIV amide complexes. 
 
The coordination geometries at mid- to low valent uranium ions are typically dominant by inter-
ligand repulsion,41 leading to τ4 values close to 1. For example, a τ4 value of 0.970 was calculated 
for the sterically congested complex, U[N(SiMe3)2]4 (Figure 2.3.2).42 The X-ray molecular 
structure of U[N(C6F5)(C6H5)]4 (2.2) revealed a UN4 core with τ4 = 0.744, showing more deviation 
from an ideal tetrahedral geometry (τ4 = 1) than U[N(C6H5)2]4 (τ4 = 0.808).36 Four short 
intramolecular F→U contacts (2.70−2.73 Å) between the U4+ cation and four ortho-fluorine atoms 
in each ligand were identified in the X-ray molecular structure of 2.2. More interestingly, a τ4 value 
of 0.082 was calculated for 2.1, indicating the planarity of its UN4 coordination geometry. This 
unique pseudo-square planar geometry of the UN4 core in 2.1 was rationalized by the presence 
of four C−F→U interactions in the solid-state molecular structure (Figure 2.3.3). Close contacts 
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between the U4+ cation and ortho-fluorine atoms of two −N(C6F5)2 ligands were observed at F→U 
distances of 2.6480(11) Å and 2.5989(11) Å. In order to accommodate for the short F→U 
distances, the U−N bonds, which were associated with the N−C−C−F chelates rings, were about 
0.10 Å longer than U−N bonds that did not include the chelate interactions. This unique 
coordination geometry of 2.1 attracted attention from other researchers. Performing shape 
analysis43 on the UN4F4 coordination polyhedron in 2.1, Alvarez and co-workers recently pointed 
out that the stereochemistry of 2.1 was an unprecedented example for eight-coordinate 
complexes, midway along a distortion path from a hexagonal bipyramid to a gyrobifastigium 
(Figure 2.3.5).44 
 
Figure 2.3.3 Thermal ellipsoid plot of 2.1 at the 30% probability level as viewed from the 
top and side. Selected bond length (Å) and angles (deg): U(1)–N(1) 2.387(2), U(1)–N(2) 
2.370(2), U(1)–N(3) 2.2781(17), U(1)–F(1) 2.6480(11), U(1)–F(2) 2.5989(11); N(1)–U(1)–








Figure 2.3.4 Thermal ellipsoid plot of 2.2 at the 30% probability level. Hydrogen atoms are 
omitted for clarity. Selected bond length (Å) and angles (deg): U(1)–N(1) 2.313(2), U(1)–
N(2) 2.278(2), U(1)–N(3) 2.286(2), U(1)–N(4) 2.308(3), U(1)–F(1) 2.7035(16), U(1)–F(2) 
2.7502(17), U(1)–F(3) 2.7221(17), U(1)–F(4) 2.7347(18); N(1)–U(1)–N(2) 106.31(8), N(1)–
U(1)–N(3) 103.25(8), N(1)–U(1)–N(4) 123.15(9), N(2)–U(1)–N(3) 123.46(9), N(2)–U(1)–
N(4) 98.62(9), N(3)–U(1)–N(4) 103.85(9).  
 
Figure 2.3.5 Coordination environment at the UIV center in U[N(C6F5)2]4 (2.1) along the 
distortion path between a hexagonal bipyramid and a gyrobifastigium. 
 
 The persistence of C−F→UIV interactions in 2.1 and 2.2 were evident by solution 19F 
NMR spectroscopy. 19F NMR spectrum of 2.1 in toluene-d8 at 300 K exhibited three resonances, 
suggestive of an equivalent environment for all pentafluorophenyl rings in the four ligands. The 
resonances at −156.0 and −164.3 ppm were assigned to the para-, meta-fluorine resonances, 
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respectively. The ortho-fluorine resonance was identified at −276.8 ppm with a FWHM (Full Width 
at Half Maximum) measured at 475 Hz. As a comparison, the 19F NMR resonances for the ortho-, 
meta- and para-fluorine atoms in the protonated ligand, HN(C6F5)2, were observed at −154.2, 
−164.5 and −165.5 ppm, respectively. The broadness and chemical shift of the ortho-fluorine 
resonances for 2.1 indicated the proximity of ortho-fluorine atoms to the paramagnetic UIV(5f2) 
center in solution. Similarly, three resonances in 2:1:2 ratio were observed in the 19F NMR 
spectrum of 2.2 collected in toluene-d8, including a broad ortho-fluorine resonance at −303.3 ppm 
with FWHM of 313 Hz. In contrast, the ortho-hydrogen resonance appeared at 7.45 ppm in 1H 
NMR spectrum of 2.2, together with meta- and para-hydrogen resonances at 7.25 and 5.07 ppm. 
The chemical shifts of 19F NMR and 1H NMR resonances observed for 2.2 were consistent with 
direct F→U contacts but not U−H contacts in solution.  
 
Figure 2.3.6 Synthesis of 2.3. 
 
 Complexes of uranium(III) are typically more reactive than their uranium(IV) counterparts 
due to the large negative reduction potentials of U3+ cations.45 C−F bond activation has often 
been observed between UIII complexes and organofluorine moieties.46,47 Surprisingly, we were 
able to isolate a red UIII complex, UIII[N(C6F5)2]3(thf)2 (2.3), that bore multiple C−F→UIII 
interactions. Complex 2.3 was prepared through a salt metathesis reaction between UI3 and 3 
equiv KN(C6F5)2 in THF (Figure 2.3.6). Three short F→U contacts between U3+ cation and ortho-
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fluorine atoms in each ligand were measured at 2.8131(20) Å, 2.9279(12) Å and 2.7843(12) Å in 
the solid-state molecular structure of 2.3 (Figure 2.3.7). The persistence of C−F→UIII interactions 
in THF solution was evident by the paramagnetically shifted ortho-fluorine resonance at –302.80 
ppm (FWHM 496 Hz) in the 19F NMR spectrum of 2.3. This compound was found to be unstable 
at ambient temperature and decomposed readily into unidentified species in solution over the 
course of one week.  
 
Figure 2.3.7 Thermal ellipsoid plot of 2.3 at the 30% probability level. Hydrogen atoms are 
omitted for clarity. Selected bond length (Å) and angles (deg): U(1)–N(1) 2.4252(17), 
U(1)–N(2) 2.4401(16), U(1)–N(3) 2.4367(16), U(1)–O(1) 2.5101(14), U(1)–O(2) 
2.4700(14), U(1)–F(1) 2.7843(12), U(1)-F(2) 2.9279(12), U(1)-F(3) 2.8131(12); N(1)–U(1)–
N(2) 118.98(6), N(1)–U(1)–N(3) 132.45(6), N(2)–U(1)–N(3) 107.84(6), O(1)–U(1)–O(2) 
154.12(5). 
 
2.3.2 VT 1H and 19F NMR Spectroscopy. Complex 2.2 exhibited three resonances in its 1H 
NMR spectrum and three resonances in the 19F NMR spectrum collected in toluene-d8 at 300 K, 
indicating an equivalent environment of the four ligands on NMR time scale as well as free 
rotations about the N−C6H5 and N−C6F5 bonds. We hypothesized that the rotation about the 
N−C6F5 bonds would be restricted at low temperature due to the C−F→UIV interactions. 
Therefore, variable temperature 1H NMR and 19F NMR experiments were performed for 2.2 in 
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toluene-d8 to probe the strength of C−F→UIV interactions. The 19F resonance corresponding to 
the ortho-fluorines broadened and shifted upfield with decreasing temperature, and became 
unobservable between 210–270 K (Figure 2.3.8). However, a new resonance appeared at –152 
ppm and ~200 K, which was assigned to the ortho-fluorine atoms directed away from the U4+ 
cation, indicating restricted rotation about the N–C6F5 bonds (oa-F in Figure 2.3.9). The second 
expected resonance at 200 K for the ortho-fluorine atoms was not observed, likely due to their 
direct interaction with the paramagnetic UIV(5f2) center. Decoalescences of the meta-fluorine, 
ortho-hydrogen and meta-hydrogen signals were observed at ~215 K (Figure 2.3.10 to Figure 
2.3.11).  
 
Figure 2.3.8 19F VT NMR data for 2.2 in toluene-d8. No peaks were observed upfield of the 








Figure 2.3.9 19F NMR data for 2.2 in toluene-d8. A minot impurity of HN(C6F5)(C6H5) is noted 
in all spectra, indicated by *. 
 
Figure 2.3.10 1H VT NMR data for 2.2 in toluene-d8 between 250–300 K. Solvent impurities 








Figure 2.3.11 1H VT NMR data for 2.2 in toluene-d8 between 200–250 K. Peaks upfield of 9 
ppm were attributed solely to solvent impurities and the presence of trace amounts of 
HN(C6F5)(C6H5), so this region of the spectrum was omitted for clarity. 
 
 
Figure 2.3.12 Variable-temperature 1H NMR data for 2.2 in toluene-d8. Lines are provided 








Figure 2.3.13 Variable-temperature 19F NMR data for 2.2 in toluene-d8. The ortho-fluorine 
resonance is unobserved over the range of 210–270 K due to paramagnetic relaxation and is 
omitted for clarity. Lines are provided as a guide for the eye. 
The free enthalpy of activation (ΔG≠) for the rotational process about the N−Cipso bond 
was calculated according to following equations:48 
 
where kc and Tc were the rate constant and coalescence temperature and ΔνAB represented the 
separation in Hz between two signals at 200 K. The activation barrier for the collective rotation of 
the aryl groups about the N–Cipso bonds was calculated to be ~8.9 kcal mol-1 based on the 
decoalescence of the meta-hydrogen resonances. This value set an upper limit for the enthalpy of 
C−F→UIV interactions in complex 2.2. 
2.3.3 Near-infrared (NIR) Absorption Spectroscopy. The electronic absorption spectra of 
U[N(C6H5)2]4, U[N(C6H5)ArF]4 (ArF = 3,5-di(trifluoromethyl)phenyl), U[N(C6H5)(C6F5)]4 (2.2) and 
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U[N(C6F5)2]4 (2.1) were collected in fluorobenzene solution at room temperature in order to detect 
the influence of C−F→U interactions on the electronic structures of U4+ cations. The NIR-regions 
of the spectra were qualitatively similar among the four complexes (Figure 2.3.14), corresponding 
to transitions between 5f2 electronic states split primarily by inter-electron repulsion and spin-orbit 
coupling.49 Transitions were assigned for U[N(C6H5)2]4 as originating from the 3H4 ground state 
and tentatively include 3H5 (5880 cm-1), 3F3 (8580 cm-1), 3F4 (8619 cm-1) electronic excited 
states.50,51  The spectral data for all the complexes were deconvoluted into 5 Gaussian bands 
(Figure 2.3.15). A blueshift of the peak positions was evident in these deconvoluted components.  
 
 
Figure 2.3.14 Electronic absorption spectra in the near infrared region for U[N(C6H5)2]4, 
U[N(C6H5)ArF] 4, U[N(C6H5)(C6F5)]4 (2.2) and U[N(C6F5)2]4 (2.1) collected in fluorobenzene. 
Solid vertical lines are provided as a guide for the eye.  
 
 The comparable transitions of complexes 2.1 and 2.2, which contained the solution 
C−FU interactions, were shifted to higher energy with respect to U[N(C6H5)2]4 by approximately 
200–400 cm–1 (Figure 2.3.14). In contrast, the near-IR spectrum of U[N(C6H5)ArF]4, which did not 
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contain solution C−F→U interactions, was virtually unshifted relative to U[N(C6H5)2]4. This 
comparison suggested that the blue shifts for 2.1 and 2.2 were larger than could be explained 
solely by differences in the electron-donating ability of the amide ligands. The inter-electron 
repulsion52 and spin-orbit coupling parameters were undoubtedly very similar among these 
complexes. The 200–400 cm-1 blueshift of the 5f-5f bands for 2.1 and 2.2 were rationalized on the 
basis of a larger ligand field splitting of those complexes than the parent U[N(C6H5)2]4. It was 
evident that the ancillary FU interactions played a measurable role in the electronic structures 
of complexes 2.1 and 2.2.  
 
Figure 2.3.15 Spectral deconvolutions of electronic absorption spectra in the near infrared 
region for U[N(C6H5)2]4, U[N(C6H5)ArF]4, U[N(C6F5)(C6H5)]4 (2.2), U[N(C6F5)2]4 (2.1) (from 
top to bottom) in a fluorobenzene solution at room temperature. Spectra are offset for clarity. 
Experimental data (black dash lines) are fit with Gaussian bands (red solid lines). The sums were 
presented in blue solid lines. The asterisk denotes the small contributions from solvent vibrational 
bands that were incompletely subtracted.  
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2.3.4 Electronic Structure Calculations. Electronic structure calculations were performed on 
2.1 at B3LYP level of theory to further investigate the C−F→U interactions. The optimized 
geometry was in close agreement with the crystallographically observed unsymmetric U–N bond 
lengths, and the corresponding four U–F contacts were also effectively reproduced. These results 
provided evidence that the crystallographically observed U–F contacts were not solely the result 
of packing effects or a favourable inter-ligand collective stacking arrangement, since such weak 
interactions were poorly treated in the DFT method that was applied.53 Mayer bond orders (MBO) 
were determined for use as direct metrics for lanthanide and actinide ligand weak interactions.54 
The calculated MBO for the shorter U–N bonds was 0.64 and the longer U–N bonds was 0.53, 
whereas the F→U interactions were 0.25 (Figure 2.3.16). Evidently, the ancillary C−F→U 
interactions played a stabilizing role in the this complex.  
 
Figure 2.3.16 DFT optimized 2.1 molecular structure shown in wireframe. DFT computed 
Mayer bond orders are shown in italics. The direct contacts between the U4+ cation and the 
ligands are rendered as thick bonds. 
 
 




2.4 Fluorinated Diarylamide Complexes of Lanthanum(III) and Cerium(III) 
2.4.1 Synthesis and Characterizations. In order to investigate the C−F→Ln interactions, we 
set out to prepare homoleptic decafluorodiphenylamide complexes of lanthanum(III) and 
cerium(III) through protonolysis reactions. Crystalline solids of Ln[N(C6F5)2]3 (Ln = La, 2.4; Ce, 
2.5) were readily obtained as precipitates by layering an n-pentane solution of 3 equiv HN(C6F5)2 
over a concentrated n-pentane solution of Ln[N(SiMe3)2]3 (Figure 2.4.1).55  
 
 
Figure 2.4.1 Synthesis of homoleptic diarylamide complexes of lanthanum(III) and cerium(III). 
 
Both 2.4 and 2.5 exhibited no resonances in their 1H NMR spectra. Three resonances 
were observed in 19F NMR spectrum for each of the complex collected in C6D6, suggestive of a 
monometallic and symmetric solution structure. A comparison of 19F NMR spectra of diamagnetic 
La[N(C6F5)2]3 (2.4, 4f0), paramagnetic Ce[N(C6F5)2]3 (2.5, 4f1) and the free ligand HN(C6F5)2 are 
shown in Figure 2.4.2. A significantly upfield shifted and broadened ortho-fluorine resonance was 
observed for 2.5. This observation indicated substantial paramagnetic shielding of the ortho-
fluorine atoms by the adjacent Ce3+ cation.   
 
 




Figure 2.4.2 19F NMR of HN(C6F5)2, La[N(C6F5)2]3 (2.4, 4f0) and Ce[N(C6F5)2]3 (2.5, 4f1) in 
benzene-d6 at 300 K. A resonance attributed to residual HN(C6F5)2 in the Ce[N(C6F5)2]3 
spectrum is denoted with an *.  
 
A crystallographic study on 2.5 revealed its monometallic structure, featuring a planar 
CeN3 core (Figure 2.4.4). As a comparison, the parent diphenyl amide complex, Ce2(µ-
NPh2)2(NPh2)4, was established to be an N-bridged dimer both in the solid state and in C6D6 
solution.56 The lower nuclearity in 2.5 compared to Ce2(µ-NPh2)2(NPh2)4 was attributable to the 
presence of six C−F→Ce interactions in 2.5 that saturated the coordination sphere of the Ce3+ 
cation. In addition to the average F→Ce distance measured at 2.688(2) Å, the average bond 
length of ortho-C−F bonds involved in the C−F→Ce interactions (1.374(4) Å) was found to be 
longer than the non-interacting ortho-C−F bonds (1.344(4) Å), supporting the interactions 
between C−F moieties and the Ce3+ cation. In contrast to the monomeric structure of 2.5, the 
solid-state molecular structure of 2.4 was found to be dimeric. In addition to the three [FNF]− 
chelate groups, each La3+ cation in 2.4 was associated with another molecule through the 
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coordination of one para-fluorine from the ligand at F→La distance of 2.8942(6) Å (Figure 2.4.3). 
The presence of additional intermolecular C−F→Ln interactions in 2.4 compared to 2.5 was 
attributed to the 0.02 Å radius difference in La3+ and Ce3+ cations.1 
 
Figure 2.4.3 Thermal ellipsoid plot of 2.4 at the 30% probability level. The two molecules 
are related by an inversion center. Selected bond length (Å) and angles (deg): La(1)–N(1) 
2.451(2), La(1)–N(2) 2.410 (2), La(1)–N(3) 2.512(2), La(1)–F(1) 2.6714(18), La(1)–F(2) 
2.7000(18), La(1)−F(3) 2.7704(18), La(1)−F(4) 2.6695(17), La(1)−F(5) 2.7381(16), La(1)−F(6) 
2.7245(17), La(1)−F(7') 2.8942(16); N(1)–La(1)–N(2) 96.91(8), N(1)–La(1)–N(3) 131.73(8), N(2)–
La(1)–N(3) 127.28(8).  
 
Figure 2.4.4 Thermal ellipsoid plots of 2.5 at the 30% probability level as viewed from top 
and side. Selected bond length (Å) and angles (deg): Ce(1)–N(1) 2.430(2), Ce(1)–N(2) 2.406(3), 
Ce(1)–F(1) 2.6825(17), Ce(1)–F(2) 2.7064(17), Ce(1)–F(3) 2.6764(16); N(1)–Ce(1)–N(2) 
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114.38(5), N(1)–Ce(1)–N(1') 131.24(11), F(1)–Ce(1)–N(1) 61.66(6), F(2)–Ce(1)–N(1) 62.16(6), 
F(3)–Ce(1)–N(2) 63.05(3). 
 
2.4.2 Electronic Structure Calculations. Electronic structure calculations were carried out for 
2.5 at B3LYP level of theory. In the gas phase optimized geometry, both the six short F→Ce 
contacts and the elongated ortho-C−F bonds associated with the C−F→Ce interactions were 
effectively reproduced. Such elongation of associated C−F bond has been noted in the ab initio 
calculations of C6H5−F→Li+ reported by Plenio, et al.57 Mayer Bond Orders (MBO) were 
computed for 2.5 to provide straightforward assessment of the F→Ce and Ce–N bonding 
interactions. Calculated values were 0.21 for each F→Ce interaction and 0.55 for each Ce−N 
bond (Figure 2.4.5). The computed MBO at 0.21 for the F→CeIII interactions in 2.5 was smaller 
compared to 0.25 calculated for F→UIV interactions in 2.1. This is likely resulted from the 
difference in metal oxidation states. 
 
 
Figure 2.4.5 DFT optimized model of 2.5 molecular structure shown in wireframe. DFT 
computed Mayer bond orders are shown in italics. The direct contacts between the Ce3+ cation 
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2.5 Making Stronger C−F→Ln/An Interactions. C‒F→Ln/An interactions are primarily 
electrostatic in nature.25 Thus, ligands with more electron density on the fluorine atoms included 
in the C−F→Ln/An interactions would lead to stronger interactions. In order to test this 
hypothesis, we set out to prepare homoleptic model complexes with two amide ligands, 
−N(SiMe3)(C6F5) and −N(SiMe3)(C6H4F).  
DFT computed natural charges have been applied as simple metrics to evaluate the σ-
donation ability of structurally similar ligands.58-60 Thus, gas phase DFT calculations were 
performed on the neutral amines, HN(SiMe3)(C6F5) and HN(SiMe3)(C6H4F). The natural charges 
calculated for the ortho-fluorine atom in HN(SiMe3)(C6H4F) was −0.349, more negative than 
−0.323 and −0.327 calculated for the ortho-fluorine atoms in HN(SiMe3)(C6F5) (Figure 2.5.1). 
Therefore, we expected stronger C−F→Ln/An interactions in complexes with −N(SiMe3)(C6H4F) 
ligands compared to complexes with −N(SiMe3)(C6F5) ligands.  
 
Figure 2.5.1 Natural charges of HN(SiMe3)(C6F5) and HN(SiMe3)(C6H4F). The natural 
charges of nitrogen and fluorine atoms of interests are noted in red italics. The calculation was 
performed at the B3LYP level of theory using the 6-31G* basis set for all atoms. 
 
Homoleptic complexes, Ce[N(SiMe3)(C6F5)]3 (2.6)61 and Ce[N(SiMe3)(C6H4F)]3 (2.7), were 
obtained as white solids through protonolysis reactions between Ce[N(SiMe3)2]3 and 
corresponding amines in n-pentane. The X-ray molecular structures of 2.6 and 2.7 revealed their 
structural similarity, including a planar CeN3 core and three C‒F→Ce interactions in each 
complex (Figure 2.5.2 and Figure 2.5.3). The average Ce‒N bond length in 2.7 was found to be 
statistically identical to that in 2.6. The average F→Ce contact in 2.7 at 2.581(2) Å was notably 
shorter than 2.625(2) Å observed in 2.6 (Table 2.5.1), suggesting a stronger C‒F→Ce interaction 
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in 2.7 in the solid state. The solution NMR spectrum of 2.7 was determined to include a 
C3‒symmetric compound. The 19F NMR resonance for the ortho-fluorine atoms was observed at 
−152.2 ppm, shifted upfield by 16.8 ppm compared to the free ligand HN(SiMe3)(C6H4F). In 
contrast, the 19F NMR resonances for 2.6 was observed at −173.1 ppm, shifted upfiled by 14.4 
ppm compared to the free ligand HN(SiMe3)(C6F5). This result suggested closer association of 
the ortho-fluorine atoms to the paramagnetic 4f1 Ce3+ cation in 2.7 than in 2.6. Based on the both 
solid-state and solution data, we concluded that 2.7 exhibited stronger C−F→CeIII interactions 
than 2.6. 
Table 2.5.1 Comparison of bond lengths and 19F NMR shifts between 2.6 and 2.7. 
 2.6 2.7 
Ce−Nave (Å) 2.397(2) 2.400(2) 
Ce−Fave (Å) 2.625(2) 2.581(2) 
|δF| (ppm)a 14.4 16.8 
a. |δF| is the difference in 19F NMR resonances of ortho-fluorine atoms in CeIII complexes with 
regard to protonated ligands. 
 
 
Figure 2.5.2 Thermal ellipsoid plot of 2.6 at the 30% probability level. Selected bond length 
(Å) and angles (deg): Ce(1)–N(1) 2.416(2), Ce(1)–N(2) 2.381(2), Ce(1)–N(3) 2.394(2), Ce(1)–
F(1) 2.6140(16), Ce(1)–F(2) 2.6185(16), Ce(1)–F(3) 2.6418(16); N(1)–Ce(1)–N(2) 119.97(8), 
N(1)–Ce(1)–N(3) 128.92(8), N(2)–Ce(1)–N(3) 111.11(8). 
 
 





Figure 2.5.3 Thermal ellipsoid plot of 2.7 at the 30% probability level. Selected bond length 
(Å) and angles (deg): Ce(1)−N(1) 2.4205(18), Ce(1)−N(2) 2.3854(19), Ce(1)−N(3) 2.3934(18), 
Ce(1)−F(1) 2.5903(13), Ce(1)−F(2) 2.5783(13), Ce(1)−F(3) 2.5744(13); N(1)−Ce(1)−F(1) 
64.62(5), N(2)−Ce(1)−F(2) 65.51(5), N(3)−Ce(1)−F(3) 65.49(5), N(1)−Ce(1)−N(2) 115.25(6), 
N(1)−Ce(1)−N(3) 125.19(6), N(2)−Ce(1)−N(3) 119.48(6). 
 
In this chapter, we have prepared fluorinated amide complexes of UIV, UIII, CeIII and LaIII. 
These complexes exhibited multiple F→Ln/An close contacts in their solid-state structures. These 
F→Ln/An contacts were effectively reproduced in the computational models, supporting the 
interactions between C−F moieties and electrophilic f-block element cations. The C−F→Ln/An 
interactions were capable of modulating the coordination geometry of metal complexes, allowing 
the isolation of an unconventional pseudo-square planar uranium(IV) complex, 2.1. In addition, 
the C−F→Ln/An interactions were found to persist in solution and influence the electronic 
structures of metal centers. A variable temperature NMR study on complex 2.2 afforded an upper 
limit of enthalpy (~8.9 kcal∙mol-1) for C−F→UIV interactions. Taking advantage of both geometrical 
and energetic aspects of C−F→Ln/An interactions, we postulate their incorporation in f-block 
element complexes will lead to unconventional coordination and reaction chemistry.  
 
 




2.6.1 General Methods. Unless otherwise indicated all reactions and manipulations were 
performed under an inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum 
Atmospheres, Inc. Nexus II drybox equipped with a molecular sieves 13X / Q5 Cu-0226S catalyst 
purifier system. Glassware was oven-dried overnight at 150 °C prior to use. 1H, 19F and 13C NMR 
spectra were obtained at 300 K on a Bruker DMX-300 Fourier transform NMR spectrometer 
operating at a 1H frequency of 300 MHz. Chemical shifts were recorded in units of parts per 
million referenced against residual proteo solvent peaks (1H), deteuro solvent peaks (13C) or 
fluorobenzene (19F, −113.15 ppm). Elemental analyses were performed at the University of 
California, Berkeley, Microanalytical Facility using a Perkin-Elmer Series II 2400 CHNS analyzer. 
High resolution mass spectrometry (HRMS) data were collected on a Waters LC-TOF mass 
spectrometer (model LCT-XE Premier) using electrospray ionization (ESI) in positive or negative 
mode, depending on the analyte. Solution UV-Vis-Near-IR spectra were collected on a 
PerkinElmer Lambda 950 UV/VIS/NIR Spectrometer at concentrations of ~30 mM. Deconvolution 
of the f-f transition spectral region was made using fityk62 program.  
2.6.2 Materials. Tetrahydrofuran, diethyl ether, fluorobenzene, hexanes, and n-pentane were 
purchased from Fisher Scientific. The solvents were sparged for 20 min with N2 and dried using a 
commercial two-column solvent purification system comprising columns packed with Q5 reactant 
and one with neutral alumina (for hexanes and n-pentane), or two columns of neutral alumina (for 
THF, Et2O and fluorobenzene). Deuterated solvents were purchased from Cambridge Isotope 
Laboratories, Inc. and stored over molecular sieves overnight prior to use. UI3, UI4(OEt2)4, 
Ce[N(SiMe3)]3 and La[N(SiMe3)2]3 were prepared following published procedures.38,63 
Decafluorodiphenylamine and N-phenylpentafluoroaniline were prepared according to reported 
procedures64,65 and purified by sublimation. N-trimethylsilylpentafluoroaniline and N-trimethylsilyl-
2-fluoroaniline were prepared following reported procedures.66 
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2.6.3 X-Ray Crystallography. X-ray reflection intensity data were collected on a Bruker 
APEXII CCD area detector employing graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) 
at a temperature of 143(1) K. In all cases, rotation frames were integrated using SAINT,67 
producing a listing of unaveraged F2 and σ(F2) values which were then passed to the SHELXTL68 
program package for further processing and structure solution on a Dell Pentium 4 computer. The 
intensity data were corrected for Lorentz and polarization effects and for absorption using 
TWINABS69 or SADABS.70 The structures were solved by direct methods (SHELXS-97).71 
Refinement was by full-matrix least squares based on F2 using SHELXL-97.71 All reflections were 
used during refinements. The weighting scheme used was w = 1/[σ2(Fo2)+ (0.0907P)2 + 0.3133P], 
where P = (Fo2 + 2Fc2)/3. Non-hydrogen atoms were refined anisotropically, and hydrogen atoms 
were refined using a riding model. 
2.6.4 Computational Methods. Electronic structure calculations were carried out on Gaussian 
09 Rev. A.02.72 The B3LYP hybrid DFT method was employed, with a 28-electron small core 
pseudopotential on cerium and a 60-electron small core pseudopotential on uranium with 
published segmented natural orbital basis set incorporating quasi-relativistic effects,73-76 and the 
6-31G* basis set for all other atoms. Geometry optimizations were carried out starting from the 
coordinates of the crystal structure. The spin state was constrained as doublet for the CeIII and 
triplet for UIV compounds. Frequency calculations were performed to indicate that the geometry 
was the minimum energy. Molecular orbitals were rendered with the program Chemcraft v1.6.73 
Mayer bond orders and atomic orbital contributions to individual molecular orbitals were 
calculated using Gaussian ‘09 with keyword IOp(6/80=1) as well as the AOMix program77 through 
fragment molecular orbital analysis. 
2.6.5 KN(C6F5)2(Et2O). To a 250 mL Erlenmeyer flask containing HN(C6F5)2 (8.00 g, 22.9 
mmol, 1.00 equiv) dissolved in Et2O, KH (1.50 g, 37.5 mmol, 1.60 equiv) was slowly added 
resulting in gas evolution. After stirring for 2 h, the slurry was filtered through Celite packed on a 
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coarse porosity fritted filter and the Celite was washed with 3  10 mL Et2O. Removal of volatiles 
under reduced pressure yielded a white solid, which was dissolved in minimum Et2O (~25 mL). 
Storage of the solution at –21 °C for one week afforded colorless crystals, which were collected 
by filtration on a coarse porosity fritted filter. X-ray structure analysis on the crystalline product 
revealed the composition as KN(C6F5)2(Et2O). Yield: 8.33 g, 18.1 mmol, 79 %. 19F NMR (Et2O): δ 
–161.39 (dd, 4F, J = 21, 12 Hz, o-F), –169.53 (t, 4F, J = 21 Hz, m-F), –183.20 (m, 2F, p-F). 
HRMS (MeCN) observed (calculated) for [C12NF10]−: 347.9862 (347.9871). 
2.6.6 KN(C6F5)(C6H5). To a 500 mL Erlenmeyer flask containing HN(C6F5)(C6H5) (1.30 g, 5.0 
mmol, 1.00 equiv) dissolved in 250 mL Et2O, KH (0.30 g, 0.75 mmol, 1.50 equiv) was slowly 
added, resulting in gas evolution. After stirring for 2 h, the slurry was filtered through Celite 
packed on a coarse porosity fritted filter and the Celite was washed with 3  5 mL Et2O. Removal 
of volatiles under reduced pressure yielded a white solid, which was collected on a fritted filter 
and washed with hexanes. Drying under reduced pressure for 5 h afforded a white powder 
identified by 1H NMR as KN(C6F5)(C6H5) with negligible solvation of Et2O. Yield: 1.35 g, 4.5 mmol, 
91 %. 1H NMR (pyridine-d5): δ 7.26 (d, 2H, J = 7.5 Hz), 7.16 (d, 2H, J = 7.5 Hz), 6.66 (t, 1H, J = 
6.3 Hz, p-H). 19F NMR (pyridine-d5): 158.02 (dd, 2F, J1 = 20.7, J2 = 12.6 Hz, o-F), 170.96 (t, 2F, J 
= 23.3 Hz, m-F), 189.93 (m, 1F, p-F). HRMS (MeCN) observed (calculated) for [C12H5NF5]−: 
258.0340 (258.0342). 
2.6.7 KN(C6H5)2. To a 20 mL vial containing HN(C6H5)2 (0.85 g, 5.0 mmol, 1.00 equiv) 
dissolved in 8 mL Et2O, a 10 mL Et2O solution of KN(SiMe3)2 (1.00 g, 5 mmol, 1.00 equiv) was 
added, resulting in precipitation of a yellow solid. After stirring for 2 h, the slurry was filtered 
through fritted filter and the solid was washed with 2  5 mL Et2O. Drying under reduced pressure 
yielded pale yellow powder identified by 1H NMR as KN(C6H5)2 without solvation. Yield: 0.87 g, 
4.2 mmol, 84 %. 1H NMR (pyridine-d5): δ 7.50 (d, 4H, J = 9.0 Hz, o-H), 7.22 (t, 4H, J = 9.0 Hz, m-
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H), 6.54 (t, 2H, J = 9.0 Hz, p-H). HRMS (MeCN) observed (calculated) for {[C12H10N]−+2H+}: 
170.0966 (170.0970).  
2.6.8 UIV[N(C6F5)2]4  (2.1). 
2.6.8.1 From UI3 and KN(C6F5)2(Et2O). To a vial containing UI3 (0.080 g, 0.124 mmol, 
1.33 equiv) suspended in cold toluene (–21 °C), a cold toluene suspension of KN(C6F5)2(Et2O) 
(0.13 g, 0.29 mmol, 3.00 equiv) was slowly added. Upon stirring, the mixture was exposed to 
dynamic vacuum to slowly remove the volatiles over the course of 2 h. The resulting mixture was 
extracted with 15 mL hexanes and filtered through Celite packed on a coarse porosity fritted filter. 
The orange filtrate was concentrated and stored at –21 °C to obtain red crystals in low yield. 
Single crystals suitable for X-ray structure analysis were obtained in the same manner. 
2.6.8.2 From UI4(Et2O)2 and KN(C6F5)2(Et2O). To a vial containing KN(C6F5)2(Et2O) 
(0.37 g, 0.8 mmol, 4.00 equiv) dissolved in 5 mL Et2O, an Et2O solution containing UI4(Et2O)2 
(0.18 g, 0.2 mmol, 1.00 equiv) was slowly added causing an immediate color change to orange. 
After stirring for 1 h, the slurry was filtered through Celite packed on a coarse porosity fritted filter 
and the Celite was washed with 3  5 mL Et2O.  The volatiles were removed under reduced 
pressure. The resulting mixture was extracted with 150 mL hexanes and the mixture was filtered 
through Celite packed on a coarse porosity fritted filter. The orange filtrate was concentrated to 
100 mL and stored at –21 °C to yield red crystals. The red crystalline products were collected on 
medium porosity fritted filter and dried under reduced pressure. Yield: 0.13 g, 0.077 mmol, 39%. 
19F NMR (toluene-d8): δ –155.97 (t, 4F, J = 21 Hz), –164.34 (br, 8F), –276.77 (br, 8F, FWHM 477 
Hz). Elemental analysis found (calculated) for C48F40N4U: C, 35.05 (35.35); H, 0.3 (0); N, 3.6 
(3.44). 
2.6.9 UIV[N(C6F5)(C6H5)]4  (2.2). To a vial containing KN(C6F5)(C6H5) (0.24 g, 0.8 mmol, 4.00 
equiv) dissolved in 10 mL Et2O, an Et2O solution containing UI4(Et2O)2 (0.18 g, 0.2 mmol, 1.00 
equiv) was added causing an immediate color change to red. After stirring for 1 h, the mixture 
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was filtered through Celite packed on a coarse porosity fritted filter and the Celite was washed 
with 3  5 mL Et2O. The volatiles were removed under reduced pressure. The resulting mixture 
was extracted with 40 mL hexanes and filtered through Celite packed on a coarse porosity fritted 
filter. The red filtrate was concentrated to 20 mL and stored at –21 °C to afford dark red needles. 
The red crystalline products were collected on medium porosity fritted filter and dried under 
reduced pressure. Yield: 0.15 g, 0.11 mmol, 59 %. Single crystals suitable for X-ray structure 
analysis were obtained in the same manner without drying. 1H NMR (toluene-d8): δ 7.45 (br, 8H), 
7.25 (br, 8H), 5.07 (t, 4H, p-H, J = 7.5 Hz). 19F NMR (toluene-d8): δ –167.09 (d, 8F, J = 18 Hz), –
168.20 (t, 4F, J = 23 Hz), –303.28 (br, 8F, FWHM 313Hz). Elemental analysis found (calculated) 
for C48H20N4F20U: C, 45.18 (45.37); H, 1.86 (1.59); N, 4.4 (4.41). 
2.6.10 UIV[N(C6H5)2]4. To a 20 mL vial containing KN(C6H5)2 (0.17 g, 0.8 mmol, 4.00 equiv) 
suspended in 10 mL Et2O, an Et2O solution containing UI4(Et2O)2 (0.18 g, 0.2 mmol, 1.00 equiv) 
was added causing an immediate color change to red. After stirring for 1 h, the mixture was 
filtered through Celite packed on a coarse porosity fritted filter and the Celite was washed with 3  
5 mL Et2O. The volatiles were removed under reduced pressure. The resulting mixture was 
extracted with 40 mL hexanes and filtered through Celite packed on a coarse porosity fritted filter. 
The red filtrate was concentrated to 30 mL and stored at –21 °C to afford dark red crystals. The 
red crystalline products were collected on medium porosity fritted filter and dried under reduced 
pressure.  Yield: 0.080 g, 0.11 mmol, 55 %. The 1H NMR of the compound collected in C6D6 was 
consistent with the reported spectrum.36 
2.6.11 UIII[N(C6F5)2]3(thf)2 (2.3). To a 20 mL vial containing HN(C6F5)2 (1.50g, 4.30 mmol, 3 
equiv) dissolved in 10 mL THF, KH (0.344 g, 8.60 mmol, 6.00 equiv) was slowly added, resulting 
in gas evolution. After stirring for 1 h, the slurry was filtered through Celite packed in a pipette 
filter and the Celite was washed with 3 × 3 mL Et2O. The filtrate was cooled to −21 °C and a THF 
solution of UI3 (0.887 g, 1.43 mmol, 1.00 equiv) was added, causing an immediate color change 
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to purple. The mixture was allowed to warm to room temperature. After stirring for 1 h, the mixture 
was filtered through Celite packed on a coarse porosity fritted filter and the Celite was washed 
with 3 × 3 mL Et2O. After removal of volatiles under reduced pressure, the mixture was extracted 
with 200 mL of hexanes and filtered again through Celite packed on a coarse porosity fritted filter. 
The purple filtrate was concentrated and stored at –21 °C to afford dark red crystals. The red 
crystalline products were collected on medium porosity fritted filter and dried under reduced 
pressure. Yield: 0.387 g, 0.53 mmol, 37%. Single crystals suitable for X-ray analysis were 
obtained in the same manner without drying. 19F NMR  (THF): δ –168.33 (d, 12F, J = 21 Hz), –
174.23 (t, 6F, J = 22 Hz), –302.80 (br, 12F, FWHM 496 Hz) . Elemental analysis found 
(calculated) for C44H16N3O2F30U: C, 37.21 (37.05); H, 1.50 (1.13); N, 2.90 (2.95). 
2.6.12 LaIII[N(C6F5)2]3 (2.4). In a 20 mL vial, a 5 mL n-pentane solution of HN(C6F5)2 (0.21 g, 
0.60 mmol) was layered carefully on top of a 5 mL n-pentane solution of La[N(SiMe3)2]3 (0.12 g, 
0.20 mmol). In 1 h, white crystalline solids precipitated from the mixture. The solids were 
collected on a coarse porosity fritted filter, washed with 3  3 mL n-pentane and dried under 
reduced pressure. Single crystals suitable for X-ray structure analysis were similarly obtained by 
layering n-pentane solutions of the reactants. Yield: 0.18 g, 0.15 mmol, 74%; 19F NMR (C6D6, 300 
MHz, 300 K): δ –152.16 (d, 12F, o-F, J = 17 Hz), –162.86 (t, 12F, m-F, J = 20 Hz), –166.65 (t, 6F, 
p-F, J = 23 Hz); Elemental analysis found (calculated) for C36N3F30La: C, 36.61 (36.54); H, <0.2 
(0); N, 3.94 (3.55).  
2.6.13 CeIII[N(C6F5)2]3 (2.5). In a 20 mL vial, a 10 mL n-pentane solution of HN(C6F5)2 (0.42 g, 
1.20 mmol) was layered carefully upon a 5 mL n-pentane solution of Ce[N(SiMe3)2]3 (0.25 g, 0.40 
mmol). In 1 h, white crystalline solids precipitated from the mixture. The solids were collected on 
a coarse porosity fritted filter, washed with 3  3 mL n-pentane and dried under reduced pressure. 
Single crystals suitable for X-ray structure analysis were similarly obtained by layering n-pentane 
solutions of the reactants. Yield: 0.41 g, 0.35 mmol, 87%; 19F NMR (C6D6, 300 MHz, 300 K): δ –
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164.07 (d, 12F, m-F, J = 23 Hz), –165.99 (t, 6F, p-F, J = 23 Hz), –182.56 (br, 12F, o-F, FWHM 
320 Hz); Elemental analysis found (calculated) for C36N3F30Ce: C, 35.91 (36.50); H, <0.2 (0); N, 
4.02 (3.55). 
2.6.14 CeIII[N(SiMe3)(C6F5)]3 (2.6). To a vial containing Ce[N(SiMe3)2]3 (1.24 g, 2.00 mmol, 1.00 
equiv) dissolved in 10 mL n-pentane, an n-pentane solution containing HN(SiMe3)(C6F5) (1.690 g, 
6.600 mmol, 3.30 equiv) was added. White solids gradually formed upon stirring. After stirring for 
6 d, the white precipitates were collected by filtration over a medium porosity fritted filter, washed 
with 3  3 mL n-pentane and dried under reduced vacuum for 1 h. Yield: 1.49 g, 1.65 mmol, 83%. 
1H NMR (C6D6): δ –9.15 (s, 36H, –SiMe3).19F NMR (C6D6): δ –163.47 (d, 6F, m-F, J = 23 Hz), –
173.09 (br, 6F, o-F, FWHM 350 Hz), –173.42 (t, 3F, p-F, J = 23 Hz). Elemental analysis found 
(calculated) for C27H27F15N3Si3Ce: C, 35.65 (35.92), H, 2.95 (3.01), N, 4.63 (4.65). Single crystals 
suitable for X-ray analysis were obtained by storing a saturated n-pentane solution at –21 °C 
overnight.  
2.6.15 CeIII[N(SiMe3)(C6H4F)]3 (2.7). To a vial containing Ce[N(SiMe3)2]3 (1.86 g, 3.00 mmol, 
1.00 equiv) dissolved in 5 mL n-pentane, a 5 mL n-pentane solution containing HN(SiMe3)(C6H4F) 
(1.65 g, 6.00 mmol, 3.00 equiv) was added. After stirring for 6 days, the slurry was concentrated 
to 3 mL and filtered through a medium porosity fritted filter. The white solids collected on the 
fritted filter were washed with 3  1 mL n-pentane and dried under reduced vacuum for 1 h. Yield: 
1.40 g, 2.04 mmol, 68%. 1H NMR (C6D6): δ 16.28 (d, 3H, J = 7.2 Hz, −Ar), 11.20 (t, 3H, J = 6.8 
Hz, −Ar), 7.88 (t, 3H, J = 6.8 Hz, −Ar), 4.05 (d, 3H, J = 7.5 Hz, −Ar), –7.23 (s, 27H, −SiMe3).19F 
NMR (C6D6): δ –152.21 (br, 3F, FWHM = 336 Hz). Elemental analysis found (calculated) for 
C27H39F3N3Si3Ce: C 47.37 (47.21), H, 5.76 (5.72), N 5.97 (6.12). Single crystals suitable for X-ray 
analysis were obtained by storing an n-pentane solution at –21 °C overnight.  
2.7 X-ray Data. 
Table 2.7.1 Summary of structure determination. 
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 KN(C6F5)2(Et2O) 2.1 2.2 
Empirical formula C16H10NOF10K C48F40N4U C48H20N4F20U 
Formula weight 461.35 1630.55 1270.71 
Temperature 143(1) K 143(1) K 143(1) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system triclinic monoclinic monoclinic 
Space group P-1 C2/c C2/c 
Cell constants:    
a 8.4008(5) Å 23.5319(8) Å 38.651(3) Å 
b 10.5747(6) Å 12.9011(5) Å 12.3736(9) Å 
c 11.1333(7) Å 16.0719(6) Å 19.9570(14) Å 
 77.131(3)° 90 90 
 69.962(3)° 106.846(2)° 99.992(3)° 
 75.663(2)° 90 90 
Volume 889.84(9) Å3 4669.8(3) Å3 9399.7(12) Å3 
Z 2 4 8 
Density (calculated) 1.722 Mg/ m3 2.319 Mg/m3 1.796 Mg/m3 
Absorption coefficient 0.406 mm-1 3.682 mm-1 3.572 mm-1 
F(000) 460 3072 4864 
Crystal size 
0.25 x 0.20 x 0.06 
mm3 
0.25 x 0.10 x 0.10 
mm3 
0.46 x 0.20 x 0.08 
mm3 
Theta range for data 
collection 
1.97 to 27.52° 1.82 to 27.53° 1.73 to 27.56° 
Index ranges 
-10 ≤ h ≤ 10, -12 ≤ k ≤ 
13, -14 ≤ l ≤ 14 
-30 ≤ h ≤ 30, -16 ≤ k ≤ 
16, -20 ≤ l ≤ 20 
-50 ≤ h ≤ 50, -16 ≤ k ≤ 
16, -25 ≤ l ≤ 25 
Reflections collected 28678 47650 103846 
Independent 
reflections 
4061 [R(int) = 0.0185] 5367 [R(int) = 0.0245] 
10719 [R(int) = 
0.0250] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.6891 0.7456 and 0.5683 0.7456 and 0.5243 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
4061 / 0 / 265 5367 / 0 / 422 10719 / 246 / 689 
Goodness-of-fit on F2 1.024 1.053 1.023 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0258, 
wR2 = 0.0722 
R1 = 0.0179, 
wR2 = 0.0445 
R1 = 0.0245, 
wR2 = 0.0652 
R indices (all data) 
R1 = 0.0285, 
wR2 = 0.0747 
R1 = 0.0204, 
wR2 = 0.0456 
R1 = 0.0307, 
wR2 = 0.0681 
Largest diff. peak and 
hole 0.304, -0.240 e.Å
-3
 1.389, -0.435 e.Å-3 1.112, -0.515 e.Å-3 
 
 2.3 2.4 2.5 
Empirical formula  C44H16N3O2F30U C36N3F30La C36N3F30Ce 
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Formula weight  1426.63 1183.30 1184.51 
Temperature  143(1) K 143(1) K 143(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  triclinic monoclinic monoclinic 
Space group  P-1 P21/c      C2/c       
Cell constants:     
a  11.0728(3) Å 19.663(3) Å 18.597(5) Å 
b  11.7379(4) Å 10.0733(13) Å 9.345(2) Å 
c  20.3378(6) Å 20.190(3) Å 20.405(5) Å 
 79.419(2)° 90 90 
 80.1890(10)° 113.508(6)° 94.750(6)° 
 84.540(2)° 90 90 
Volume 2554.82(13) Å3 3667.2(9) Å3 3534.0(15) Å3 
Z 2 4 4 
Density (calculated) 1.855 Mg/m3 2.143 Mg/m3 2.226 Mg/m3 
Absorption coefficient 3.326 mm-1 1.354 mm-1 1.485 mm-1 
F(000) 1358 2256 2260 
Crystal size 
0.28 x 0.15 x 0.06 
mm3 
0.82 x 0.12 x 0.02 
mm3 
0.12 x 0.12 x 0.05 
mm3 
Theta range for data 
collection 
1.77 to 27.55° 2.03 to 27.47° 2.00 to 27.63° 
Index ranges 
-14 ≤ h ≤ 14, -15 ≤ k ≤ 
15, -26 ≤ l ≤ 26 
-25 ≤ h ≤ 25, -9 ≤ k ≤ 
13, -26 ≤ l ≤ 26 
-24 ≤ h ≤ 24, -12 ≤ k ≤ 
8, -26 ≤ l ≤ 26 
Reflections collected 83358 70917 41188 
Independent 
reflections 
11723 [R(int) = 
0.0254] 
8342 [R(int) = 0.0326] 4115 [R(int) = 0.0217] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.6555 0.7456 and 0.6686 0.7456 and 0.6004 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
11723 / 0 / 721 8342 / 0 / 632 4115 / 0 / 318 
Goodness-of-fit on F2 1.059 1.073 1.126 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0184,  
wR2 = 0.0457 
R1 = 0.0302,  
wR2 = 0.0611 
R1 = 0.0262,  
wR2 = 0.0757 
R indices (all data) 
R1 = 0.0213,  
wR2 = 0.0466 
R1 = 0.0410,  
wR2 = 0.0672 
R1 = 0.0275,  
wR2 = 0.0770 
Largest diff. peak and 
hole 
0.902, -0.341 e.Å-3 1.472, -1.243 e.Å-3 0.536, -0.754 e.Å-3 
 
 2.6 2.7 
Empirical formula  C27H27Si3N3F15Ce C27H39Si3N3F3Ce 
Formula weight  902.91 687.00 
Temperature  100(1) K 100(1) K 
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Wavelength  0.71073 Å 0.71073 Å 
Crystal system  triclinic monoclinic 
Space group  P-1 P21/c      
Cell constants:    
a  10.1537(8) Å 10.4413(4) Å 
b  10.8288(8) Å 11.5353(5) Å 
c  16.3322(13) Å 26.7685(12) Å 
 95.387(3)° 90 
 107.295(3)° 90.139(2)° 
 94.714(3)° 90 
Volume 1695.5(2) Å3 3224.1(2) Å3 
Z 2 4 
Density (calculated) 1.769 Mg/m3 1.415 Mg/m3 
Absorption coefficient 1.556 mm-1 1.561 mm-1 
F(000) 890 1396 
Crystal size 
0.22 x 0.18 x 0.04 
mm3 
0.32 x 0.20 x 0.18 
mm3 
Theta range for data 
collection 
2.11 to 27.60° 1.52 to 27.52° 
Index ranges 
-13 ≤ h ≤ 12, -14 ≤ k ≤ 
14, 0 ≤ l ≤ 21 
-13 ≤ h ≤ 13, -14 ≤ k ≤ 
14, -34 ≤ l ≤ 34 
Reflections collected 74095 68777 
Independent 
reflections 
7580 [R(int) = 0.0410] 7301 [R(int) = 0.0278] 
Completeness to theta 
= 27.52° 






Max. and min. 
transmission 
0.7456 and 0.6542 0.7456 and 0.6554 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
7580 / 0 / 452 7301 / 0 / 344 
Goodness-of-fit on F2 1.126 1.337 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0290,  
wR2 = 0.0742 
R1 = 0.0205,  
wR2 = 0.0623 
R indices (all data) 
R1 = 0.0325,  
wR2 = 0.0752 
R1 = 0.0243,  
wR2 = 0.0775 
Largest diff. peak and 
hole 
2.194, -0.893 e.Å-3 1.227, -0.958 e.Å-3 
 
Table 2.7.2 Bond lengths of KN(C6F5)2(Et2O) (Å). 
K1-O1  2.6763(9) K1-N1#1  2.7861(10) K1-F10#2  2.8106(7) 
K1-F6#1  2.8457(7) K1-F9#2  2.8635(8) K1-F5  2.8882(8) 
K1-N1  2.8963(10) K1-F5#1  3.0335(8) K1-C7  3.5017(11) 
K1-C1#1  3.5234(11) K1-K1#1  3.8290(5) N1-C1  1.3702(14) 
N1-C7  1.3782(14) N1-K1#1  2.7861(10) C1-C6  1.4062(15) 
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C1-C2  1.4079(16) C1-K1#1  3.5234(11) C2-F1  1.3511(13) 
C2-C3  1.3812(16) C3-F2  1.3423(14) C3-C4  1.3760(18) 
C4-F3  1.3450(13) C4-C5  1.3783(18) C5-F4  1.3417(14) 
C5-C6  1.3750(16) C6-F5  1.3607(13) C7-C12  1.3978(16) 
C7-C8  1.4041(15) C8-F6  1.3521(13) C8-C9  1.3766(16) 
C9-F7  1.3371(13) C9-C10  1.3823(17) C10-F8  1.3423(13) 
C10-C11  1.3774(17) C11-F9  1.3509(13) C11-C12  1.3773(16) 
C12-F10  1.3587(13) F5-K1#1  3.0335(8) F6-K1#1  2.8457(7) 
F9-K1#2  2.8635(8) F10-K1#2  2.8106(7) O1-C13  1.4248(17) 
O1-C15  1.4270(17) C13-C14  1.496(2) C15-C16  1.496(3) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y+1,-z+1    #2 -x+1,-y+1,-z+1      
Table 2.7.3 Bond angles of KN(C6F5)2(Et2O) (°). 
O1-K1-N1#1 91.64(3) O1-K1-F10#2 75.91(3) 
O1-K1-F6#1 113.62(3) N1#1-K1-F6#1 58.20(2) 
O1-K1-F9#2 109.41(3) N1#1-K1-F9#2 121.77(3) 
F6#1-K1-F9#2 63.63(2) O1-K1-F5 166.34(3) 
F10#2-K1-F5 117.66(2) F6#1-K1-F5 60.01(2) 
O1-K1-N1 127.08(3) N1#1-K1-N1 95.30(3) 
F6#1-K1-N1 114.42(3) F9#2-K1-N1 110.74(3) 
O1-K1-F5#1 71.14(3) N1#1-K1-F5#1 54.59(2) 
F6#1-K1-F5#1 112.75(2) F9#2-K1-F5#1 176.32(2) 
N1-K1-F5#1 70.98(2) O1-K1-C7 106.26(3) 
F10#2-K1-C7 86.87(2) F6#1-K1-C7 136.82(2) 
F5-K1-C7 77.40(2) N1-K1-C7 22.42(3) 
O1-K1-C1#1 71.80(3) N1#1-K1-C1#1 21.24(3) 
F6#1-K1-C1#1 74.70(2) F9#2-K1-C1#1 135.02(3) 
N1-K1-C1#1 101.00(3) F5#1-K1-C1#1 41.43(2) 
O1-K1-K1#1 118.48(2) N1#1-K1-K1#1 48.87(2) 
F6#1-K1-K1#1 85.944(17) F9#2-K1-K1#1 130.61(2) 
N1-K1-K1#1 46.430(19) F5#1-K1-K1#1 48.075(15) 
C1#1-K1-K1#1 57.735(19) C1-N1-C7 120.36(9) 
C7-N1-K1#1 120.70(7) C1-N1-K1 107.64(7) 
K1#1-N1-K1 84.70(3) N1-C1-C6 118.04(10) 
C6-C1-C2 112.89(10) N1-C1-K1#1 47.45(5) 
C2-C1-K1#1 140.73(7) F1-C2-C3 117.07(10) 
C3-C2-C1 123.23(11) F2-C3-C4 119.60(11) 
C4-C3-C2 121.05(11) F3-C4-C3 120.87(12) 
C3-C4-C5 118.22(11) F4-C5-C6 119.94(11) 
C6-C5-C4 119.94(11) F5-C6-C5 117.96(10) 
C5-C6-C1 124.64(11) N1-C7-C12 126.20(10) 
C12-C7-C8 113.48(10) N1-C7-K1 53.27(6) 
C8-C7-K1 115.92(7) F6-C8-C9 117.69(10) 
C9-C8-C7 123.88(10) F7-C9-C8 120.07(11) 
C8-C9-C10 120.09(11) F8-C10-C11 120.86(11) 
C11-C10-C9 118.32(11) F9-C11-C10 120.17(10) 
C10-C11-C12 120.49(11) F10-C12-C11 117.45(10) 
C11-C12-C7 123.74(10) C6-F5-K1 109.61(6) 
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K1-F5-K1#1 80.53(2) C8-F6-K1#1 119.62(6) 
C12-F10-K1#2 124.93(6) C13-O1-C15 112.06(11) 
C15-O1-K1 120.03(9) O1-C13-C14 109.26(11) 
N1#1-K1-F10#2 164.27(3) C7-N1-K1 104.31(7) 
F10#2-K1-F6#1 117.80(2) N1-C1-C2 128.76(10) 
F10#2-K1-F9#2 56.02(2) C6-C1-K1#1 82.08(6) 
N1#1-K1-F5 74.73(3) F1-C2-C1 119.65(10) 
F9#2-K1-F5 79.33(2) F2-C3-C2 119.34(11) 
F10#2-K1-N1 99.87(3) F3-C4-C5 120.90(12) 
F5-K1-N1 55.15(2) F4-C5-C4 120.12(11) 
F10#2-K1-F5#1 127.28(2) F5-C6-C1 117.39(10) 
F5-K1-F5#1 99.47(2) N1-C7-C8 119.97(10) 
N1#1-K1-C7 106.10(3) C12-C7-K1 98.35(7) 
F9#2-K1-C7 117.72(3) F6-C8-C7 118.43(10) 
F5#1-K1-C7 65.15(2) F7-C9-C10 119.84(11) 
F10#2-K1-C1#1 147.65(3) F8-C10-C9 120.82(11) 
F5-K1-C1#1 94.58(2) F9-C11-C12 119.32(10) 
C7-K1-C1#1 103.85(3) F10-C12-C7 118.78(10) 
F10#2-K1-K1#1 146.11(2) C6-F5-K1#1 103.83(6) 
F5-K1-K1#1 51.394(16) C11-F9-K1#2 122.24(7) 
C7-K1-K1#1 60.167(19) C13-O1-K1 126.89(8) 
C1-N1-K1#1 111.31(7) O1-C15-C16 109.33(12) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y+1,-z+1    #2 -x+1,-y+1,-z+1      
Table 2.7.4 Bond lengths of 2.1 (Å). 
U1-N3  2.2781(17) U1-N3#1  2.2781(17) U1-N2  2.370(2) 
U1-N1  2.387(2) U1-F6  2.5985(11) U1-F6#1  2.5985(11) 
U1-F1#1  2.6480(11) U1-F1  2.6480(11) N1-C1#1  1.401(2) 
N1-C1  1.401(2) N2-C7  1.396(2) N2-C7#1  1.396(2) 
N3-C19  1.421(3) N3-C13  1.426(3) C1-C2  1.393(3) 
C1-C6  1.396(3) C2-F1  1.372(2) C2-C3  1.376(3) 
C3-F2  1.335(2) C3-C4  1.375(3) C4-F3  1.339(2) 
C4-C5  1.377(3) C5-F4  1.335(2) C5-C6  1.385(3) 
C6-F5  1.341(2) C7-C8  1.392(3) C7-C12  1.398(3) 
C8-F6  1.372(2) C8-C9  1.374(3) C9-F7  1.333(2) 
C9-C10  1.379(3) C10-F8  1.339(2) C10-C11  1.380(3) 
C11-F9  1.334(3) C11-C12  1.388(3) C12-F10  1.337(2) 
C13-C18  1.387(3) C13-C14  1.398(3) C14-F11  1.340(2) 
C14-C15  1.372(3) C15-F12  1.337(3) C15-C16  1.385(3) 
C16-F13  1.330(3) C16-C17  1.374(3) C17-F14  1.337(3) 
C17-C18  1.373(3) C18-F15  1.345(2) C19-C20  1.391(3) 
C19-C24  1.391(3) C20-F16  1.349(3) C20-C21  1.374(3) 
C21-F17  1.342(3) C21-C22  1.376(4) C22-F18  1.339(3) 
C22-C23  1.378(4) C23-F19  1.333(3) C23-C24  1.381(3) 
C24-F20  1.339(3)     
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+3/2      
 
 




Table 2.7.5 Bond angles of 2.1 (°). 
N3-U1-N3#1 168.47(9) N3-U1-N2 84.24(5) 
N3-U1-N1 95.76(5) N3#1-U1-N1 95.76(5) 
N3-U1-F6 96.35(5) N3#1-U1-F6 78.58(5) 
N1-U1-F6 115.79(2) N3-U1-F6#1 78.58(5) 
N2-U1-F6#1 64.21(3) N1-U1-F6#1 115.79(3) 
N3-U1-F1#1 77.32(5) N3#1-U1-F1#1 108.02(5) 
N1-U1-F1#1 63.43(3) F6-U1-F1#1 58.56(4) 
N3-U1-F1 108.02(5) N3#1-U1-F1 77.32(5) 
N1-U1-F1 63.43(3) F6-U1-F1 155.61(4) 
F1#1-U1-F1 126.87(5) C1#1-N1-C1 120.1(2) 
C1-N1-U1 119.94(11) C7-N2-C7#1 121.8(2) 
C7#1-N2-U1 119.10(12) C19-N3-C13 113.71(17) 
C13-N3-U1 115.66(13) C2-C1-C6 114.43(18) 
C6-C1-N1 127.61(18) F1-C2-C3 118.45(17) 
C3-C2-C1 124.75(19) F2-C3-C4 120.97(19) 
C4-C3-C2 118.69(19) F3-C4-C3 120.36(19) 
C3-C4-C5 119.25(19) F4-C5-C4 119.21(19) 
C4-C5-C6 120.8(2) F5-C6-C5 118.41(18) 
C5-C6-C1 122.02(19) C8-C7-N2 117.36(18) 
N2-C7-C12 127.36(18) F6-C8-C9 118.36(18) 
C9-C8-C7 125.0(2) F7-C9-C8 120.7(2) 
C8-C9-C10 118.38(19) F8-C10-C9 120.3(2) 
C9-C10-C11 119.51(19) F9-C11-C10 119.56(19) 
C10-C11-C12 120.7(2) F10-C12-C11 118.60(18) 
C11-C12-C7 121.73(19) C18-C13-C14 116.2(2) 
C14-C13-N3 121.98(19) F11-C14-C15 118.95(19) 
C15-C14-C13 121.9(2) F12-C15-C14 119.9(2) 
C14-C15-C16 120.0(2) F13-C16-C17 119.7(2) 
C17-C16-C15 119.5(2) F14-C17-C18 120.4(2) 
C18-C17-C16 119.7(2) F15-C18-C17 118.21(19) 
C17-C18-C13 122.6(2) C20-C19-C24 115.7(2) 
C24-C19-N3 122.54(19) F16-C20-C21 118.4(2) 
C21-C20-C19 122.8(2) F17-C21-C20 120.1(2) 
C20-C21-C22 119.9(2) F18-C22-C21 120.2(2) 
C21-C22-C23 119.3(2) F19-C23-C22 119.9(2) 
C22-C23-C24 119.9(2) F20-C24-C23 118.6(2) 
C23-C24-C19 122.4(2) C2-F1-U1 112.51(10) 
N3#1-U1-N2 84.24(5) F6-C8-C7 116.57(17) 
N2-U1-N1 180.000(1) F7-C9-C10 120.88(19) 
N2-U1-F6 64.21(3) F8-C10-C11 120.2(2) 
N3#1-U1-F6#1 96.35(5) F9-C11-C12 119.7(2) 
F6-U1-F6#1 128.42(5) F10-C12-C7 119.60(18) 
N2-U1-F1#1 116.57(3) C18-C13-N3 121.76(18) 
F6#1-U1-F1#1 155.61(4) F11-C14-C13 119.08(19) 
N2-U1-F1 116.57(3) F12-C15-C16 120.0(2) 
F6#1-U1-F1 58.56(4) F13-C16-C15 120.9(2) 
C1#1-N1-U1 119.94(12) F14-C17-C16 119.8(2) 
C7-N2-U1 119.10(12) F15-C18-C13 119.14(19) 
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C19-N3-U1 130.62(13) C20-C19-N3 121.71(19) 
C2-C1-N1 117.53(18) F16-C20-C19 118.79(19) 
F1-C2-C1 116.67(17) F17-C21-C22 120.0(2) 
F2-C3-C2 120.31(19) F18-C22-C23 120.5(2) 
F3-C4-C5 120.3(2) F19-C23-C24 120.1(2) 
F4-C5-C6 119.90(19) F20-C24-C19 119.0(2) 
F5-C6-C1 119.51(18) C8-F6-U1 112.26(10) 
C8-C7-C12 114.72(18)   
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+3/2      
Table 2.7.6 Bond lengths of 2.2 (Å). 
U1-N2  2.278(2) U1-N3  2.286(2) U1-N4  2.308(3) 
U1-N1  2.313(2) U1-F5  2.7034(16) U1-F15  2.7225(17) 
U1-F20  2.7347(18) U1-F6  2.7502(17) F1-C2  1.340(3) 
F2-C3  1.339(3) F3-C4  1.337(3) F4-C5  1.340(4) 
F5-C6  1.361(3) F6-C14  1.368(3) F7-C15  1.343(4) 
F8-C16  1.342(3) F9-C17  1.339(4) F10-C18  1.346(3) 
F11-C26  1.345(4) F12-C27  1.344(4) F13-C28  1.352(4) 
F14-C29  1.331(4) F15-C30  1.371(3) F16-C38  1.338(5) 
F17-C39  1.355(5) F18-C40  1.360(5) F19-C41  1.336(5) 
F20-C42  1.375(3) N1-C1  1.384(3) N1-C7  1.432(3) 
N2-C13  1.383(4) N2-C19  1.439(3) N3-C25  1.387(4) 
N3-C31  1.440(4) N4-C37  1.387(4) N4-C43  1.434(7) 
N4-C43'  1.465(5) C1-C6  1.394(4) C1-C2  1.408(4) 
C2-C3  1.380(4) C3-C4  1.370(5) C4-C5  1.381(5) 
C5-C6  1.371(4) C7-C12  1.389(4) C7-C8  1.390(4) 
C8-C9  1.386(4) C9-C10  1.377(5) C10-C11  1.372(5) 
C11-C12  1.386(5) C13-C14  1.395(4) C13-C18  1.402(4) 
C14-C15  1.368(4) C15-C16  1.373(5) C16-C17  1.379(5) 
C17-C18  1.379(4) C19-C24  1.386(4) C19-C20  1.395(4) 
C20-C21  1.387(4) C21-C22  1.379(5) C22-C23  1.369(5) 
C23-C24  1.393(4) C25-C30  1.392(5) C25-C26  1.402(4) 
C26-C27  1.380(6) C27-C28  1.351(6) C28-C29  1.378(5) 
C29-C30  1.379(5) C31-C36  1.387(4) C31-C32  1.391(4) 
C32-C33  1.389(5) C33-C34  1.364(6) C34-C35  1.375(5) 
C35-C36  1.386(5) C37-C42  1.386(5) C37-C38  1.402(5) 
C38-C39  1.354(7) C39-C40  1.378(7) C40-C41  1.380(6) 
C41-C42  1.360(5) C43-C44  1.3900 C43-C48  1.3900 
C44-C45  1.3900 C45-C46  1.3900 C46-C47  1.3900 
C47-C48  1.3900 C43'-C44'  1.3900 C43'-C48'  1.3900 
C44'-C45'  1.3900 C45'-C46'  1.3900 C46'-C47'  1.3900 
C47'-C48'  1.3900     
 
Table 2.7.7 Bond angles of 2.2 (°). 
N2-U1-N3 123.46(9) N2-U1-N4 98.62(9) 
N2-U1-N1 106.31(8) N3-U1-N1 103.25(8) 
N2-U1-F5 86.02(7) N3-U1-F5 150.52(7) 
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N1-U1-F5 63.60(6) N2-U1-F15 69.83(7) 
N4-U1-F15 146.48(8) N1-U1-F15 90.35(7) 
N2-U1-F20 148.64(7) N3-U1-F20 87.11(8) 
N1-U1-F20 68.78(7) F5-U1-F20 63.74(5) 
N2-U1-F6 62.25(7) N3-U1-F6 69.49(7) 
N1-U1-F6 152.87(7) F5-U1-F6 134.14(5) 
F20-U1-F6 134.30(5) C6-F5-U1 113.67(15) 
C30-F15-U1 114.13(17) C42-F20-U1 111.29(17) 
C1-N1-U1 125.98(17) C7-N1-U1 112.37(15) 
C13-N2-U1 130.29(18) C19-N2-U1 109.48(17) 
C25-N3-U1 128.8(2) C31-N3-U1 111.72(18) 
C37-N4-C43' 110.2(4) C43-N4-C43' 18.4(5) 
C43-N4-U1 113.2(6) C43'-N4-U1 120.4(4) 
N1-C1-C2 127.4(3) C6-C1-C2 113.8(2) 
F1-C2-C1 120.2(3) C3-C2-C1 121.6(3) 
F2-C3-C2 118.8(3) C4-C3-C2 122.0(3) 
F3-C4-C5 120.5(3) C3-C4-C5 118.5(3) 
F4-C5-C4 121.3(3) C6-C5-C4 118.8(3) 
F5-C6-C1 116.3(2) C5-C6-C1 125.4(3) 
C12-C7-N1 118.8(2) C8-C7-N1 122.1(2) 
C10-C9-C8 120.4(3) C11-C10-C9 119.9(3) 
C11-C12-C7 120.3(3) N2-C13-C14 117.3(3) 
C14-C13-C18 113.5(3) F6-C14-C15 118.6(3) 
C15-C14-C13 125.3(3) F7-C15-C14 120.9(3) 
C14-C15-C16 118.9(3) F8-C16-C15 120.1(3) 
C15-C16-C17 118.9(3) F9-C17-C16 119.8(3) 
C16-C17-C18 120.8(3) F10-C18-C17 116.8(3) 
C17-C18-C13 122.5(3) C24-C19-C20 119.9(3) 
C20-C19-N2 120.8(3) C21-C20-C19 119.2(3) 
C23-C22-C21 120.3(3) C22-C23-C24 120.0(3) 
N3-C25-C30 117.8(3) N3-C25-C26 128.7(3) 
F11-C26-C27 117.6(3) F11-C26-C25 120.7(3) 
F12-C27-C28 119.6(4) F12-C27-C26 118.4(4) 
F13-C28-C27 121.3(3) F13-C28-C29 119.2(4) 
F14-C29-C28 121.3(3) F14-C29-C30 121.0(3) 
F15-C30-C29 118.4(3) F15-C30-C25 116.0(3) 
C36-C31-C32 119.7(3) C36-C31-N3 120.4(3) 
C33-C32-C31 119.4(3) C34-C33-C32 120.3(3) 
C34-C35-C36 119.7(4) C35-C36-C31 120.0(3) 
C42-C37-C38 114.9(3) N4-C37-C38 124.8(3) 
F16-C38-C37 120.3(4) C39-C38-C37 121.5(4) 
C38-C39-C40 121.4(4) F17-C39-C40 119.1(4) 
F18-C40-C41 119.9(5) C39-C40-C41 119.2(4) 
F19-C41-C40 121.4(4) C42-C41-C40 118.2(4) 
C41-C42-C37 124.8(3) F20-C42-C37 116.2(3) 
C44-C43-N4 123.7(6) C48-C43-N4 116.2(6) 
C46-C45-C44 120.0 C45-C46-C47 120.0 
C47-C48-C43 120.0 C44'-C43'-C48' 120.0 
C48'-C43'-N4 116.9(4) C43'-C44'-C45' 120.0 
C45'-C46'-C47' 120.0 C48'-C47'-C46' 120.0 
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N3-U1-N4 103.85(9) F8-C16-C17 121.0(3) 
N4-U1-N1 123.15(9) F9-C17-C18 119.4(3) 
N4-U1-F5 68.32(7) F10-C18-C13 120.8(3) 
N3-U1-F15 62.89(7) C24-C19-N2 119.1(3) 
F5-U1-F15 138.17(5) C22-C21-C20 120.7(3) 
N4-U1-F20 63.82(8) C19-C24-C23 120.0(3) 
F15-U1-F20 138.91(5) C30-C25-C26 113.5(3) 
N4-U1-F6 83.80(8) C27-C26-C25 121.7(3) 
F15-U1-F6 62.85(6) C28-C27-C26 122.0(3) 
C14-F6-U1 113.88(15) C27-C28-C29 119.4(3) 
C1-N1-C7 118.6(2) C28-C29-C30 117.7(3) 
C13-N2-C19 120.0(2) C29-C30-C25 125.6(3) 
C25-N3-C31 119.3(2) C32-C31-N3 119.8(3) 
C37-N4-C43 122.1(6) C33-C34-C35 120.8(4) 
C37-N4-U1 124.0(2) C42-C37-N4 120.2(3) 
N1-C1-C6 118.7(2) F16-C38-C39 118.2(4) 
F1-C2-C3 118.3(3) C38-C39-F17 119.4(5) 
F2-C3-C4 119.2(3) F18-C40-C39 120.8(4) 
F3-C4-C3 121.0(3) F19-C41-C42 120.4(3) 
F4-C5-C6 119.9(3) C41-C42-F20 119.0(3) 
F5-C6-C5 118.3(3) C44-C43-C48 120.0 
C12-C7-C8 118.9(3) C43-C44-C45 120.0 
C9-C8-C7 120.1(3) C48-C47-C46 120.0 
C10-C11-C12 120.3(3) C44'-C43'-N4 122.9(4) 
N2-C13-C18 129.2(3) C46'-C45'-C44' 120.0 
F6-C14-C13 116.1(2) C47'-C48'-C43' 120.0 
F7-C15-C16 120.1(3)   
 
Table 2.7.8 Bond lengths of 2.3 (Å). 
U1-N1  2.4252(17) U1-N3  2.4367(16) U1-N2  2.4401(16) 
U1-O2  2.4700(14) U1-O1  2.5101(14) U1-F11  2.7843(12) 
U1-F30  2.8131(12) U1-F21  2.9279(12) F1-C2  1.343(3) 
F2-C3  1.338(3) F3-C4  1.335(3) F4-C5  1.334(3) 
F5-C6  1.348(3) F6-C8  1.335(3) F7-C9  1.339(4) 
F8-C10  1.352(3) F9-C11  1.350(4) F10-C12  1.343(4) 
F11-C14  1.370(2) F12-C15  1.339(2) F13-C16  1.345(2) 
F14-C17  1.343(2) F15-C18  1.348(2) F16-C20  1.341(2) 
F17-C21  1.341(2) F18-C22  1.340(2) F19-C23  1.346(2) 
F20-C24  1.349(2) F21-C26  1.366(2) F22-C27  1.344(2) 
F23-C28  1.346(2) F24-C29  1.340(2) F25-C30  1.343(2) 
F26-C32  1.337(2) F27-C33  1.339(3) F28-C34  1.347(2) 
F29-C35  1.347(3) F30-C36  1.363(2) O1-C40  1.461(3) 
O1-C37  1.461(2) O2-C44  1.468(3) O2-C41  1.479(3) 
N1-C7  1.410(3) N1-C1  1.411(3) N2-C13  1.395(2) 
N2-C19  1.407(2) N3-C31  1.384(2) N3-C25  1.402(2) 
C1-C6  1.387(3) C1-C2  1.394(3) C2-C3  1.376(3) 
C3-C4  1.372(4) C4-C5  1.380(4) C5-C6  1.379(3) 
C7-C8  1.392(4) C7-C12  1.398(3) C8-C9  1.382(3) 
C9-C10  1.371(5) C10-C11  1.364(5) C11-C12  1.392(4) 
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C13-C14  1.389(3) C13-C18  1.398(3) C14-C15  1.375(3) 
C15-C16  1.375(3) C16-C17  1.379(3) C17-C18  1.376(3) 
C19-C24  1.391(3) C19-C20  1.393(3) C20-C21  1.382(3) 
C21-C22  1.378(3) C22-C23  1.367(3) C23-C24  1.380(3) 
C25-C26  1.391(3) C25-C30  1.398(3) C26-C27  1.375(3) 
C27-C28  1.368(3) C28-C29  1.380(3) C29-C30  1.375(3) 
C31-C36  1.397(3) C31-C32  1.402(3) C32-C33  1.377(3) 
C33-C34  1.375(3) C34-C35  1.367(3) C35-C36  1.380(3) 
C37-C38  1.508(3) C38-C39  1.514(4) C39-C40  1.509(3) 
C41-C42  1.496(3) C42-C43  1.518(4) C43-C44  1.505(3) 
 
Table 2.7.9 Bond angles of 2.3 (°). 
N1-U1-N3 132.45(6) N1-U1-N2 118.98(6) 
N1-U1-O2 87.80(5) N3-U1-O2 85.61(5) 
N1-U1-O1 86.07(5) N3-U1-O1 80.15(5) 
O2-U1-O1 154.12(5) N1-U1-F11 79.56(5) 
N2-U1-F11 61.94(4) O2-U1-F11 134.85(4) 
N1-U1-F30 74.08(5) N3-U1-F30 60.59(4) 
O2-U1-F30 64.80(4) O1-U1-F30 89.35(4) 
N1-U1-F21 147.27(5) N3-U1-F21 60.14(4) 
O2-U1-F21 124.90(4) O1-U1-F21 65.05(4) 
F30-U1-F21 118.20(3) C14-F11-U1 111.27(11) 
C36-F30-U1 113.15(11) C40-O1-C37 108.39(16) 
C37-O1-U1 123.31(12) C44-O2-C41 107.41(16) 
C41-O2-U1 126.38(13) C7-N1-C1 113.36(16) 
C1-N1-U1 116.07(12) C13-N2-C19 114.37(15) 
C19-N2-U1 124.61(12) C31-N3-C25 119.39(16) 
C25-N3-U1 115.39(12) C6-C1-C2 115.17(19) 
C2-C1-N1 122.90(19) F1-C2-C3 117.95(19) 
C3-C2-C1 122.7(2) F2-C3-C4 119.8(2) 
C4-C3-C2 120.1(2) F3-C4-C3 119.9(2) 
C3-C4-C5 119.4(2) F4-C5-C6 120.5(2) 
C6-C5-C4 119.4(2) F5-C6-C5 118.5(2) 
C5-C6-C1 123.3(2) C8-C7-C12 115.7(2) 
C12-C7-N1 121.9(2) F6-C8-C9 117.6(3) 
C9-C8-C7 122.7(3) F7-C9-C10 120.6(3) 
C10-C9-C8 119.6(3) F8-C10-C11 120.3(3) 
C11-C10-C9 120.1(3) F9-C11-C10 121.4(3) 
C10-C11-C12 120.0(3) F10-C12-C11 118.9(3) 
C11-C12-C7 121.8(3) C14-C13-N2 120.45(18) 
N2-C13-C18 125.54(18) F11-C14-C15 118.79(17) 
C15-C14-C13 124.84(18) F12-C15-C16 120.67(18) 
C16-C15-C14 118.89(19) F13-C16-C15 120.69(19) 
C15-C16-C17 118.92(19) F14-C17-C18 120.06(19) 
C18-C17-C16 120.69(19) F15-C18-C17 117.70(18) 
C17-C18-C13 122.62(19) C24-C19-C20 115.40(18) 
C20-C19-N2 122.98(18) F16-C20-C21 117.90(19) 
C21-C20-C19 122.73(19) F17-C21-C22 120.22(19) 
C22-C21-C20 119.6(2) F18-C22-C23 120.5(2) 
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C23-C22-C21 119.45(19) F19-C23-C22 119.69(19) 
C22-C23-C24 120.2(2) F20-C24-C23 118.22(18) 
C23-C24-C19 122.6(2) C26-C25-C30 115.00(18) 
C30-C25-N3 125.05(18) F21-C26-C27 118.65(17) 
C27-C26-C25 123.69(19) F22-C27-C28 120.59(19) 
C28-C27-C26 119.28(19) F23-C28-C27 120.8(2) 
C27-C28-C29 119.52(19) F24-C29-C30 120.11(19) 
C30-C29-C28 120.27(19) F25-C30-C29 118.57(18) 
C29-C30-C25 122.19(18) N3-C31-C36 118.02(18) 
C36-C31-C32 113.84(18) F26-C32-C33 117.65(19) 
C33-C32-C31 122.4(2) F27-C33-C34 119.3(2) 
C34-C33-C32 121.2(2) F28-C34-C35 120.5(2) 
C35-C34-C33 118.8(2) F29-C35-C34 121.09(19) 
C34-C35-C36 119.4(2) F30-C36-C35 118.61(18) 
C35-C36-C31 124.32(19) O1-C37-C38 105.60(18) 
C40-C39-C38 103.0(2) O1-C40-C39 105.76(19) 
C41-C42-C43 101.9(2) C44-C43-C42 103.3(2) 
N3-U1-N2 107.84(6) C14-C13-C18 113.96(17) 
N2-U1-O2 88.36(5) F11-C14-C13 116.37(17) 
N2-U1-O1 116.51(5) F12-C15-C14 120.44(19) 
N3-U1-F11 133.68(5) F13-C16-C17 120.36(19) 
O1-U1-F11 68.38(4) F14-C17-C16 119.24(19) 
N2-U1-F30 150.55(5) F15-C18-C13 119.68(18) 
F11-U1-F30 146.53(3) C24-C19-N2 121.59(18) 
N2-U1-F21 66.46(5) F16-C20-C19 119.36(18) 
F11-U1-F21 75.76(3) F17-C21-C20 120.2(2) 
C26-F21-U1 102.06(10) F18-C22-C21 120.0(2) 
C40-O1-U1 127.90(12) F19-C23-C24 120.1(2) 
C44-O2-U1 126.05(13) F20-C24-C19 119.20(17) 
C7-N1-U1 130.57(13) C26-C25-N3 119.73(18) 
C13-N2-U1 119.80(12) F21-C26-C25 117.66(17) 
C31-N3-U1 125.22(13) F22-C27-C26 120.1(2) 
C6-C1-N1 121.81(19) F23-C28-C29 119.7(2) 
F1-C2-C1 119.32(19) F24-C29-C28 119.62(19) 
F2-C3-C2 120.1(2) F25-C30-C25 119.24(18) 
F3-C4-C5 120.7(2) N3-C31-C32 127.94(18) 
F4-C5-C4 120.2(2) F26-C32-C31 119.95(18) 
F5-C6-C1 118.2(2) F27-C33-C32 119.5(2) 
C8-C7-N1 122.4(2) F28-C34-C33 120.7(2) 
F6-C8-C7 119.6(2) F29-C35-C36 119.5(2) 
F7-C9-C8 119.9(3) F30-C36-C31 117.06(17) 
F8-C10-C9 119.6(4) C37-C38-C39 101.5(2) 
F9-C11-C12 118.5(4) O2-C41-C42 104.86(19) 
F10-C12-C7 119.3(2) O2-C44-C43 106.6(2) 
 
Table 2.7.10 Bond lengths of 2.4 (Å). 
La1-N2  2.410(2) La1-N1  2.451(2) La1-N3  2.512(2) 
La1-F20  2.6695(17) La1-F5  2.6714(18) La1-F15  2.7000(18) 
La1-F30  2.7245(17) La1-F25  2.7381(16) La1-F10  2.7704(18) 
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La1-F27#1  2.8942(16) N1-C1  1.395(4) N1-C7  1.399(3) 
N2-C19  1.397(4) N2-C13  1.402(4) N3-C31  1.388(3) 
N3-C25  1.407(3) C1-C2  1.398(4) C1-C6  1.399(4) 
C2-F1  1.349(3) C2-C3  1.379(4) C3-F2  1.342(3) 
C3-C4  1.383(5) C4-F3  1.349(3) C4-C5  1.374(5) 
C5-F4  1.341(4) C5-C6  1.374(4) C6-F5  1.382(3) 
C7-C12  1.393(4) C7-C8  1.399(4) C8-F6  1.351(4) 
C8-C9  1.387(4) C9-F7  1.341(4) C9-C10  1.381(5) 
C10-F8  1.342(3) C10-C11  1.375(5) C11-F9  1.345(4) 
C11-C12  1.381(4) C12-F10  1.373(3) C13-C18  1.394(5) 
C13-C14  1.401(4) C14-F11  1.345(4) C14-C15  1.392(5) 
C15-F12  1.346(4) C15-C16  1.368(6) C16-F13  1.343(4) 
C16-C17  1.385(6) C17-F14  1.331(5) C17-C18  1.383(5) 
C18-F15  1.378(4) C19-C24  1.390(4) C19-C20  1.401(4) 
C20-F16  1.346(4) C20-C21  1.384(5) C21-F17  1.343(4) 
C21-C22  1.374(6) C22-F18  1.348(4) C22-C23  1.381(5) 
C23-F19  1.345(4) C23-C24  1.380(4) C24-F20  1.378(3) 
C25-C30  1.401(4) C25-C26  1.404(4) C26-F21  1.344(3) 
C26-C27  1.385(4) C27-F22  1.342(3) C27-C28  1.375(5) 
C28-F23  1.344(3) C28-C29  1.385(4) C29-F24  1.338(3) 
C29-C30  1.377(4) C30-F25  1.368(3) C31-C36  1.396(4) 
C31-C32  1.410(3) C32-F26  1.348(3) C32-C33  1.378(4) 
C33-F27  1.364(3) C33-C34  1.378(4) C34-F28  1.343(3) 
C34-C35  1.380(4) C35-F29  1.344(3) C35-C36  1.370(4) 
C36-F30  1.376(3) F27-La1#1  2.8942(16)   
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z+1      
Table 2.7.11 Bond angles of 2.4 (°). 
N2-La1-N1 96.91(8) N2-La1-N3 127.28(8) 
N2-La1-F20 63.00(7) N1-La1-F20 121.79(7) 
N2-La1-F5 124.86(7) N1-La1-F5 62.13(6) 
F20-La1-F5 171.74(5) N2-La1-F15 62.93(7) 
N3-La1-F15 134.60(7) F20-La1-F15 123.78(5) 
N2-La1-F30 154.05(7) N1-La1-F30 70.71(7) 
F20-La1-F30 103.38(5) F5-La1-F30 70.44(6) 
N2-La1-F25 72.41(7) N1-La1-F25 165.91(6) 
F20-La1-F25 62.16(5) F5-La1-F25 116.02(5) 
F30-La1-F25 122.74(5) N2-La1-F10 74.16(7) 
N3-La1-F10 108.80(6) F20-La1-F10 60.80(5) 
F15-La1-F10 116.08(5) F30-La1-F10 79.90(5) 
N2-La1-F27#1 108.65(7) N1-La1-F27#1 118.28(6) 
F20-La1-F27#1 119.90(5) F5-La1-F27#1 57.03(5) 
F30-La1-F27#1 97.28(5) F25-La1-F27#1 59.16(5) 
C1-N1-C7 120.3(2) C1-N1-La1 123.70(17) 
C19-N2-C13 122.4(2) C19-N2-La1 124.39(18) 
C31-N3-C25 120.0(2) C31-N3-La1 119.62(17) 
N1-C1-C2 128.6(3) N1-C1-C6 117.2(3) 
F1-C2-C3 118.3(3) F1-C2-C1 119.6(3) 
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F2-C3-C2 119.6(3) F2-C3-C4 119.5(3) 
F3-C4-C5 120.2(3) F3-C4-C3 120.3(3) 
F4-C5-C4 121.1(3) F4-C5-C6 120.7(3) 
C5-C6-F5 118.4(3) C5-C6-C1 125.3(3) 
C12-C7-C8 114.7(3) C12-C7-N1 117.8(2) 
F6-C8-C9 118.5(3) F6-C8-C7 119.6(3) 
F7-C9-C10 120.0(3) F7-C9-C8 119.2(3) 
F8-C10-C11 120.3(3) F8-C10-C9 120.4(3) 
F9-C11-C10 120.7(3) F9-C11-C12 120.5(3) 
F10-C12-C11 118.4(3) F10-C12-C7 117.1(2) 
C18-C13-C14 115.0(3) C18-C13-N2 117.9(3) 
F11-C14-C15 119.0(3) F11-C14-C13 119.5(3) 
F12-C15-C16 120.3(4) F12-C15-C14 118.7(4) 
F13-C16-C15 120.1(4) F13-C16-C17 119.8(4) 
F14-C17-C18 120.8(4) F14-C17-C16 121.3(3) 
F15-C18-C17 118.1(3) F15-C18-C13 117.0(3) 
C24-C19-N2 117.0(3) C24-C19-C20 114.5(3) 
F16-C20-C21 119.1(3) F16-C20-C19 119.6(3) 
F17-C21-C22 119.4(3) F17-C21-C20 118.8(4) 
F18-C22-C21 121.2(4) F18-C22-C23 120.0(4) 
F19-C23-C24 120.5(3) F19-C23-C22 121.2(3) 
F20-C24-C23 117.4(3) F20-C24-C19 117.5(3) 
C30-C25-C26 114.5(2) C30-C25-N3 118.3(2) 
F21-C26-C27 118.3(2) F21-C26-C25 119.9(2) 
F22-C27-C28 119.2(3) F22-C27-C26 119.6(3) 
F23-C28-C27 120.3(3) F23-C28-C29 120.5(3) 
F24-C29-C30 120.1(3) F24-C29-C28 121.2(3) 
F25-C30-C29 117.8(2) F25-C30-C25 117.7(2) 
N3-C31-C36 117.8(2) N3-C31-C32 128.3(2) 
F26-C32-C33 117.5(2) F26-C32-C31 120.2(2) 
F27-C33-C32 119.1(2) F27-C33-C34 119.3(2) 
F28-C34-C33 121.4(2) F28-C34-C35 120.5(2) 
F29-C35-C36 120.7(2) F29-C35-C34 119.7(2) 
C35-C36-F30 118.1(2) C35-C36-C31 125.0(2) 
C6-F5-La1 116.78(16) C12-F10-La1 106.73(15) 
C24-F20-La1 115.18(16) C30-F25-La1 113.99(14) 
C36-F30-La1 113.01(14) C10-C11-C12 118.8(3) 
N1-La1-N3 131.73(8) C11-C12-C7 124.5(3) 
N3-La1-F20 73.05(6) C14-C13-N2 126.5(3) 
N3-La1-F5 98.89(6) C15-C14-C13 121.4(4) 
N1-La1-F15 78.91(7) C16-C15-C14 121.0(3) 
F5-La1-F15 63.15(6) C15-C16-C17 120.0(3) 
N3-La1-F30 61.03(6) C18-C17-C16 117.9(4) 
F15-La1-F30 132.45(6) C17-C18-C13 124.7(3) 
N3-La1-F25 61.81(6) N2-C19-C20 128.2(3) 
F15-La1-F25 87.89(5) C21-C20-C19 121.3(3) 
N1-La1-F10 61.20(7) C22-C21-C20 121.7(3) 
F5-La1-F10 121.85(5) C21-C22-C23 118.8(3) 
F25-La1-F10 122.11(5) C24-C23-C22 118.4(3) 
N3-La1-F27#1 69.32(6) C23-C24-C19 125.1(3) 
 
 
Chapter 2 – Studies of C−F→Ln/An Interactions | 54 
 
 
F15-La1-F27#1 66.08(5) C26-C25-N3 127.0(2) 
F10-La1-F27#1 177.16(5) C27-C26-C25 121.8(3) 
C7-N1-La1 115.72(17) C28-C27-C26 121.2(3) 
C13-N2-La1 112.48(18) C27-C28-C29 119.2(3) 
C25-N3-La1 119.95(16) C30-C29-C28 118.7(3) 
C2-C1-C6 114.0(3) C29-C30-C25 124.5(3) 
C3-C2-C1 122.1(3) C36-C31-C32 113.6(2) 
C2-C3-C4 120.9(3) C33-C32-C31 122.2(2) 
C5-C4-C3 119.5(3) C32-C33-C34 121.6(2) 
C4-C5-C6 118.1(3) C33-C34-C35 118.1(2) 
F5-C6-C1 116.4(2) C36-C35-C34 119.5(3) 
C8-C7-N1 127.0(3) F30-C36-C31 116.8(2) 
C9-C8-C7 121.9(3) C18-F15-La1 103.85(16) 
C10-C9-C8 120.8(3) C33-F27-La1#1 136.37(15) 
C11-C10-C9 119.3(3)   
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z+1      
Table 2.7.12 Bond lengths of 2.5 (Å). 
Ce1-N2  2.406(3) Ce1-N1#1  2.430(2) Ce1-N1  2.430(2) 
Ce1-F11  2.6764(16) Ce1-F11#1  2.6764(16) Ce1-F1  2.6825(17) 
Ce1-F1#1  2.6825(17) Ce1-F6  2.7064(17) Ce1-F6#1  2.7064(17) 
N1-C7  1.390(3) N1-C1  1.392(3) N2-C13  1.384(3) 
N2-C13#1  1.384(3) C1-C2  1.387(4) C1-C6  1.396(4) 
C2-F1  1.368(3) C2-C3  1.378(4) C3-F2  1.334(3) 
C3-C4  1.381(4) C4-F3  1.337(3) C4-C5  1.372(5) 
C5-F4  1.349(3) C5-C6  1.378(4) C6-F5  1.346(3) 
C7-C8  1.391(4) C7-C12  1.405(4) C8-F6  1.376(3) 
C8-C9  1.377(4) C9-F7  1.337(3) C9-C10  1.382(4) 
C10-F8  1.340(3) C10-C11  1.375(5) C11-F9  1.339(3) 
C11-C12  1.385(4) C12-F10  1.340(3) C13-C14  1.393(3) 
C13-C18  1.400(4) C14-C15  1.377(4) C14-F11  1.377(3) 
C15-F12  1.337(3) C15-C16  1.380(4) C16-F13  1.338(3) 
C16-C17  1.380(4) C17-F14  1.341(3) C17-C18  1.382(4) 
C18-F15  1.347(3)     
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+1/2      
Table 2.7.13 Bond angles of 2.5 (°). 
N2-Ce1-N1#1 114.38(5) N2-Ce1-N1 114.38(5) 
N2-Ce1-F11 63.05(3) N1#1-Ce1-F11 83.10(6) 
N2-Ce1-F11#1 63.05(3) N1#1-Ce1-F11#1 119.63(6) 
F11-Ce1-F11#1 126.10(7) N2-Ce1-F1 78.59(4) 
N1-Ce1-F1 61.66(6) F11-Ce1-F1 58.92(5) 
N2-Ce1-F1#1 78.59(4) N1#1-Ce1-F1#1 61.66(6) 
F11-Ce1-F1#1 109.69(5) F11#1-Ce1-F1#1 58.92(5) 
N2-Ce1-F6 138.95(4) N1#1-Ce1-F6 81.04(6) 
F11-Ce1-F6 157.31(5) F11#1-Ce1-F6 76.17(5) 
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F1#1-Ce1-F6 76.55(5) N2-Ce1-F6#1 138.95(4) 
N1-Ce1-F6#1 81.04(6) F11-Ce1-F6#1 76.17(5) 
F1-Ce1-F6#1 76.55(5) F1#1-Ce1-F6#1 122.07(5) 
C7-N1-C1 120.3(2) C7-N1-Ce1 114.38(16) 
C13-N2-C13#1 122.7(3) C13-N2-Ce1 118.64(15) 
C2-C1-N1 117.5(2) C2-C1-C6 114.2(2) 
F1-C2-C3 119.0(2) F1-C2-C1 116.0(2) 
F2-C3-C2 120.3(3) F2-C3-C4 121.2(3) 
F3-C4-C5 120.8(3) F3-C4-C3 120.4(3) 
F4-C5-C4 119.8(3) F4-C5-C6 119.0(3) 
F5-C6-C5 118.1(3) F5-C6-C1 119.8(3) 
N1-C7-C8 117.6(2) N1-C7-C12 127.7(2) 
F6-C8-C9 118.5(2) F6-C8-C7 117.2(2) 
F7-C9-C8 120.6(2) F7-C9-C10 120.3(3) 
F8-C10-C11 121.1(3) F8-C10-C9 119.7(3) 
F9-C11-C10 119.7(3) F9-C11-C12 119.6(3) 
F10-C12-C11 118.3(2) F10-C12-C7 119.6(3) 
N2-C13-C14 118.0(2) N2-C13-C18 127.1(2) 
C15-C14-F11 118.1(2) C15-C14-C13 124.7(2) 
F12-C15-C14 120.3(2) F12-C15-C16 121.0(2) 
F13-C16-C17 120.4(3) F13-C16-C15 120.5(3) 
F14-C17-C16 119.5(3) F14-C17-C18 119.6(3) 
F15-C18-C17 118.3(2) F15-C18-C13 119.5(2) 
C2-F1-Ce1 117.22(14) C8-F6-Ce1 107.20(14) 
N1#1-Ce1-N1 131.24(11) C5-C4-C3 118.9(3) 
N1-Ce1-F11 119.63(6) C4-C5-C6 121.3(3) 
N1-Ce1-F11#1 83.10(6) C5-C6-C1 122.1(3) 
N1#1-Ce1-F1 129.64(6) C8-C7-C12 114.5(2) 
F11#1-Ce1-F1 109.69(5) C9-C8-C7 124.3(2) 
N1-Ce1-F1#1 129.64(6) C8-C9-C10 119.1(3) 
F1-Ce1-F1#1 157.19(7) C11-C10-C9 119.1(3) 
N1-Ce1-F6 62.16(6) C10-C11-C12 120.7(3) 
F1-Ce1-F6 122.07(5) C11-C12-C7 122.1(3) 
N1#1-Ce1-F6#1 62.16(6) C14-C13-C18 114.5(2) 
F11#1-Ce1-F6#1 157.31(5) F11-C14-C13 116.9(2) 
F6-Ce1-F6#1 82.10(8) C14-C15-C16 118.7(2) 
C1-N1-Ce1 124.75(16) C17-C16-C15 119.1(2) 
C13#1-N2-Ce1 118.64(15) C16-C17-C18 120.9(3) 
N1-C1-C6 128.2(2) C17-C18-C13 122.1(2) 
C3-C2-C1 125.0(2) C14-F11-Ce1 110.16(13) 
C2-C3-C4 118.4(3)   
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+1/2      
Table 2.7.14 Bond lengths of 2.6 (Å). 
Ce1-N2  2.381(2) Ce1-N3  2.394(2) Ce1-N1  2.416(2) 
Ce1-F1  2.6140(16) Ce1-F6  2.6185(16) Ce1-F11  2.6418(16) 
Ce1-Si2  3.3975(8) Ce1-Si3  3.4533(8) Ce1-Si1  3.4597(8) 
N1-C1  1.373(4) N1-Si1  1.731(2) N2-C10  1.376(4) 
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N2-Si2  1.732(2) N3-C19  1.377(4) N3-Si3  1.730(2) 
Si1-C7  1.857(3) Si1-C8  1.863(3) Si1-C9  1.899(3) 
Si2-C16  1.860(3) Si2-C17  1.862(3) Si2-C18  1.885(3) 
Si3-C25  1.859(3) Si3-C26  1.867(3) Si3-C27  1.885(3) 
C1-C2  1.396(4) C1-C6  1.406(4) C2-C3  1.369(4) 
C2-F1  1.375(3) C3-F2  1.339(4) C3-C4  1.371(5) 
C4-F3  1.344(3) C4-C5  1.375(5) C5-F4  1.347(4) 
C5-C6  1.376(4) C6-F5  1.347(3) C10-C11  1.397(4) 
C10-C15  1.403(4) C11-C12  1.374(4) C11-F6  1.377(3) 
C12-F7  1.337(4) C12-C13  1.375(5) C13-F8  1.345(4) 
C13-C14  1.377(5) C14-F9  1.340(4) C14-C15  1.378(5) 
C15-F10  1.344(4) C19-C20  1.399(4) C19-C24  1.400(4) 
C20-C21  1.372(4) C20-F11  1.375(3) C21-F12  1.340(3) 
C21-C22  1.373(4) C22-F13  1.342(3) C22-C23  1.381(4) 
C23-F14  1.344(3) C23-C24  1.373(4) C24-F15  1.348(3) 
 
Table 2.7.15 Bond angles of 2.6 (°). 
N2-Ce1-N3 111.11(8) N2-Ce1-N1 119.97(8) 
N2-Ce1-F1 81.04(7) N3-Ce1-F1 125.96(7) 
N2-Ce1-F6 65.60(7) N3-Ce1-F6 77.49(7) 
F1-Ce1-F6 59.67(5) N2-Ce1-F11 81.04(7) 
N1-Ce1-F11 122.32(7) F1-Ce1-F11 161.69(6) 
N2-Ce1-Si2 28.56(6) N3-Ce1-Si2 123.52(6) 
F1-Ce1-Si2 92.68(4) F6-Ce1-Si2 94.00(4) 
N2-Ce1-Si3 126.14(6) N3-Ce1-Si3 27.53(6) 
F1-Ce1-Si3 102.29(4) F6-Ce1-Si3 70.40(4) 
Si2-Ce1-Si3 147.87(2) N2-Ce1-Si1 135.85(6) 
N1-Ce1-Si1 27.62(6) F1-Ce1-Si1 91.60(4) 
F11-Ce1-Si1 98.66(4) Si2-Ce1-Si1 109.97(2) 
C1-N1-Si1 127.8(2) C1-N1-Ce1 120.12(18) 
C10-N2-Si2 127.7(2) C10-N2-Ce1 121.87(19) 
C19-N3-Si3 126.3(2) C19-N3-Ce1 120.90(17) 
N1-Si1-C7 111.72(13) N1-Si1-C8 116.37(14) 
N1-Si1-C9 103.44(13) C7-Si1-C9 108.01(14) 
N1-Si1-Ce1 40.34(8) C7-Si1-Ce1 124.54(10) 
C9-Si1-Ce1 63.14(9) N2-Si2-C16 115.70(15) 
C16-Si2-C17 111.44(17) N2-Si2-C18 103.09(12) 
C17-Si2-C18 106.67(16) N2-Si2-Ce1 41.08(8) 
C17-Si2-Ce1 118.55(11) C18-Si2-Ce1 62.44(9) 
N3-Si3-C26 115.46(14) C25-Si3-C26 112.56(18) 
C25-Si3-C27 108.12(16) C26-Si3-C27 105.63(16) 
C25-Si3-Ce1 127.36(13) C26-Si3-Ce1 119.75(13) 
N1-C1-C2 120.3(3) N1-C1-C6 127.4(3) 
C3-C2-F1 117.6(3) C3-C2-C1 126.0(3) 
F2-C3-C2 120.4(3) F2-C3-C4 120.6(3) 
F3-C4-C3 120.8(3) F3-C4-C5 120.6(3) 
F4-C5-C4 119.3(3) F4-C5-C6 119.7(3) 
F5-C6-C5 117.5(3) F5-C6-C1 119.3(3) 
N2-C10-C11 120.2(3) N2-C10-C15 127.4(3) 
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C12-C11-F6 116.9(3) C12-C11-C10 126.0(3) 
F7-C12-C11 120.6(3) F7-C12-C13 120.7(3) 
F8-C13-C12 120.8(3) F8-C13-C14 120.7(3) 
F9-C14-C15 119.4(3) F9-C14-C13 119.5(3) 
F10-C15-C14 117.8(3) F10-C15-C10 119.0(3) 
N3-C19-C20 120.2(3) N3-C19-C24 127.3(3) 
C21-C20-F11 117.9(2) C21-C20-C19 125.4(3) 
F12-C21-C20 120.1(3) F12-C21-C22 120.5(3) 
F13-C22-C21 121.0(3) F13-C22-C23 120.7(3) 
F14-C23-C24 119.4(3) F14-C23-C22 119.8(3) 
F15-C24-C23 117.3(3) F15-C24-C19 119.1(3) 
C2-F1-Ce1 115.01(15) C11-F6-Ce1 115.09(15) 
N3-Ce1-N1 128.92(8) C2-C1-C6 112.2(2) 
N1-Ce1-F1 64.82(7) F1-C2-C1 116.4(2) 
N1-Ce1-F6 122.37(7) C2-C3-C4 119.0(3) 
N3-Ce1-F11 64.88(6) C3-C4-C5 118.6(3) 
F6-Ce1-F11 115.26(5) C4-C5-C6 121.0(3) 
N1-Ce1-Si2 102.99(6) C5-C6-C1 123.2(3) 
F11-Ce1-Si2 69.61(4) C11-C10-C15 112.4(3) 
N1-Ce1-Si3 109.09(6) F6-C11-C10 117.0(2) 
F11-Ce1-Si3 91.31(4) C11-C12-C13 118.7(3) 
N3-Ce1-Si1 108.32(6) C12-C13-C14 118.6(3) 
F6-Ce1-Si1 143.85(4) C15-C14-C13 121.1(3) 
Si3-Ce1-Si1 98.00(2) C14-C15-C10 123.2(3) 
Si1-N1-Ce1 112.04(11) C20-C19-C24 112.5(3) 
Si2-N2-Ce1 110.37(11) F11-C20-C19 116.7(2) 
Si3-N3-Ce1 112.72(12) C20-C21-C22 119.3(3) 
C7-Si1-C8 112.16(15) C21-C22-C23 118.3(3) 
C8-Si1-C9 104.11(14) C24-C23-C22 120.8(3) 
C8-Si1-Ce1 123.20(11) C23-C24-C19 123.6(3) 
N2-Si2-C17 113.74(15) C20-F11-Ce1 114.18(15) 
C16-Si2-C18 105.01(15) N3-Si3-C27 103.17(13) 
C16-Si2-Ce1 129.99(12) N3-Si3-Ce1 39.76(8) 
N3-Si3-C25 111.05(14) C27-Si3-Ce1 63.81(10) 
 
Table 2.7.16 Bond lengths of 2.7 (Å). 
Ce1-N2  2.3854(19) Ce1-N3  2.3934(18) Ce1-N1  2.4205(18) 
Ce1-F3  2.5744(13) Ce1-F2  2.5783(13) Ce1-F1  2.5913(13) 
Ce1-Si2  3.4467(6) Ce1-Si3  3.4781(6) Ce1-Si1  3.4987(6) 
N1-C1  1.385(3) N1-Si1  1.7264(19) N2-C10  1.382(3) 
N2-Si2  1.7279(19) N3-C19  1.383(3) N3-Si3  1.7212(18) 
Si1-C7  1.869(3) Si1-C8  1.875(3) Si1-C9  1.877(3) 
Si2-C17  1.865(3) Si2-C16  1.871(3) Si2-C18  1.882(2) 
Si3-C25  1.867(3) Si3-C26  1.867(2) Si3-C27  1.886(2) 
C1-C2  1.394(3) C1-C6  1.410(3) C2-C3  1.373(3) 
C2-F1  1.396(3) C3-C4  1.392(4) C4-C5  1.376(4) 
C5-C6  1.399(4) C10-C11  1.400(3) C10-C15  1.412(3) 
C11-C12  1.375(3) C11-F2  1.402(3) C12-C13  1.388(3) 
C13-C14  1.387(4) C14-C15  1.391(3) C19-C20  1.402(3) 
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C19-C24  1.406(3) C20-C21  1.369(3) C20-F3  1.403(2) 
C21-C22  1.386(4) C22-C23  1.385(4) C23-C24  1.393(3) 
 
Table 2.7.17 Bond angles of 2.7 (°). 
N2-Ce1-N3 119.48(6) N2-Ce1-N1 115.25(6) 
N2-Ce1-F3 82.76(5) N3-Ce1-F3 65.49(5) 
N2-Ce1-F2 65.51(5) N3-Ce1-F2 79.71(5) 
F3-Ce1-F2 111.46(5) N2-Ce1-F1 134.05(5) 
N1-Ce1-F1 64.62(5) F3-Ce1-F1 67.27(4) 
N2-Ce1-Si2 27.51(4) N3-Ce1-Si2 132.78(4) 
F3-Ce1-Si2 74.71(3) F2-Ce1-Si2 92.77(3) 
N2-Ce1-Si3 132.96(4) N3-Ce1-Si3 26.78(4) 
F3-Ce1-Si3 91.63(3) F2-Ce1-Si3 73.66(3) 
Si2-Ce1-Si3 155.990(14) N2-Ce1-Si1 95.80(5) 
N1-Ce1-Si1 26.79(4) F3-Ce1-Si1 146.04(3) 
F1-Ce1-Si1 91.33(3) Si2-Ce1-Si1 88.413(15) 
C1-N1-Si1 123.07(15) C1-N1-Ce1 121.76(14) 
C10-N2-Si2 124.45(16) C10-N2-Ce1 122.26(14) 
C19-N3-Si3 123.77(15) C19-N3-Ce1 121.59(13) 
N1-Si1-C7 112.54(12) N1-Si1-C8 114.26(11) 
N1-Si1-C9 104.77(10) C7-Si1-C9 107.19(13) 
N1-Si1-Ce1 39.19(6) C7-Si1-Ce1 116.08(9) 
C9-Si1-Ce1 66.41(7) N2-Si2-C17 115.49(11) 
C17-Si2-C16 108.75(15) N2-Si2-C18 103.95(10) 
C16-Si2-C18 108.97(11) N2-Si2-Ce1 39.62(6) 
C16-Si2-Ce1 124.93(9) C18-Si2-Ce1 64.33(7) 
N3-Si3-C26 115.39(11) C25-Si3-C26 108.79(13) 
C25-Si3-C27 109.13(12) C26-Si3-C27 106.43(11) 
C25-Si3-Ce1 121.57(9) C26-Si3-Ce1 128.94(10) 
N1-C1-C2 119.93(19) N1-C1-C6 127.0(2) 
C3-C2-C1 127.2(2) C3-C2-F1 117.5(2) 
C2-C3-C4 117.4(2) C5-C4-C3 119.0(2) 
C5-C6-C1 121.7(2) N2-C10-C11 119.88(19) 
C11-C10-C15 112.95(19) C12-C11-C10 127.0(2) 
C10-C11-F2 115.39(18) C11-C12-C13 117.8(2) 
C13-C14-C15 121.7(2) C14-C15-C10 121.9(2) 
N3-C19-C24 127.1(2) C20-C19-C24 113.00(19) 
C21-C20-F3 117.66(19) C19-C20-F3 115.34(17) 
C23-C22-C21 119.2(2) C22-C23-C24 121.2(2) 
C2-F1-Ce1 117.67(12) C11-F2-Ce1 116.94(12) 
N3-Ce1-N1 125.19(6) N2-Si2-C16 112.30(11) 
N1-Ce1-F3 126.07(5) C17-Si2-C18 107.00(13) 
N1-Ce1-F2 122.35(5) C17-Si2-Ce1 125.82(11) 
N3-Ce1-F1 79.50(5) N3-Si3-C25 112.03(10) 
F2-Ce1-F1 157.32(5) N3-Si3-C27 104.72(10) 
N1-Ce1-Si2 98.30(4) N3-Si3-Ce1 38.80(6) 
F1-Ce1-Si2 108.04(3) C27-Si3-Ce1 66.05(7) 
N1-Ce1-Si3 105.68(4) C2-C1-C6 113.1(2) 
F1-Ce1-Si3 83.69(3) C1-C2-F1 115.29(18) 
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N3-Ce1-Si1 138.71(4) C4-C5-C6 121.6(2) 
F2-Ce1-Si1 98.36(3) N2-C10-C15 127.2(2) 
Si3-Ce1-Si1 112.726(14) C12-C11-F2 117.6(2) 
Si1-N1-Ce1 114.02(9) C14-C13-C12 118.7(2) 
Si2-N2-Ce1 112.87(9) N3-C19-C20 119.87(19) 
Si3-N3-Ce1 114.42(8) C21-C20-C19 127.0(2) 
C7-Si1-C8 109.88(12) C20-C21-C22 117.6(2) 
C8-Si1-C9 107.71(12) C23-C24-C19 122.1(2) 
C8-Si1-Ce1 133.31(9) C20-F3-Ce1 116.83(11) 
 
2.8 Coordinates of Optimized Geometries Obtained from DFT. 
Table 2.8.1 Optimized coordinates of 2.1. 
U 0.000000 0.000000 0.000000 F -1.184667 -0.457893 -2.318677 
N 2.400454 0.000000 0.000000 F -2.283912 -1.914567 -4.346818 
N -2.400454 0.000000 0.000000 F -4.777743 -3.035716 -4.027611 
N 0.000000 2.314054 0.000000 F -6.097320 -2.695900 -1.661201 
N 0.000000 -2.314054 0.000000 F -4.994844 -1.307719 0.352521 
C 3.093898 -0.733767 0.966245 F 1.256283 4.062594 -1.797517 
C 2.452407 -0.973480 2.186103 F 3.417579 5.539033 -1.112939 
C 2.972826 -1.732265 3.220571 F 4.476876 5.342734 1.397920 
C 4.232930 -2.304747 3.052938 F 3.343232 3.651217 3.221367 
C 4.906407 -2.121253 1.845752 F 1.156561 2.205112 2.559445 
C 4.335340 -1.377600 0.815403 F -1.256283 4.062594 1.797517 
C -3.093898 -0.733767 -0.966245 F -3.417579 5.539033 1.112939 
C -2.452407 -0.973480 -2.186103 F -4.476876 5.342734 -1.397920 
C -2.972826 -1.732265 -3.220571 F -3.343232 3.651217 -3.221367 
C -4.232930 -2.304747 -3.052938 F -1.156561 2.205112 -2.559445 
C -4.906407 -2.121253 -1.845752 F 1.184667 0.457893 -2.318677 
C -4.335340 -1.377600 -0.815403 F 2.283912 1.914567 -4.346818 
C 1.129592 3.093008 0.363685 F 4.777743 3.035716 -4.027611 
C 1.740438 3.968790 -0.548404 F 6.097320 2.695900 -1.661201 
C 2.853509 4.731298 -0.209394 F 4.994844 1.307719 0.352521 
C 3.400893 4.626516 1.068641 F -1.184667 0.457893 2.318677 
C 2.825777 3.758561 1.994404 F -2.283912 1.914567 4.346818 
C 1.699126 3.021943 1.641042 F -4.777743 3.035716 4.027611 
C -1.129592 3.093008 -0.363685 F -6.097320 2.695900 1.661201 
C -1.740438 3.968790 0.548404 F -4.994844 1.307719 -0.352521 
C -2.853509 4.731298 0.209394 F 1.256283 -4.062594 1.797517 
C -3.400893 4.626516 -1.068641 F 3.417579 -5.539033 1.112939 
C -2.825777 3.758561 -1.994404 F 4.476876 -5.342734 -1.397920 
C -1.699126 3.021943 -1.641042 F 3.343232 -3.651217 -3.221367 
C 3.093898 0.733767 -0.966245 F 1.156561 -2.205112 -2.559445 
C 2.452407 0.973480 -2.186103 F -1.256283 -4.062594 -1.797517 
C 2.972826 1.732265 -3.220571 F -3.417579 -5.539033 -1.112939 
C 4.232930 2.304747 -3.052938 F -4.476876 -5.342734 1.397920 
C 4.906407 2.121253 -1.845752 F -3.343232 -3.651217 3.221367 
C 4.335340 1.377600 -0.815403 F -1.156561 -2.205112 2.559445 
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C -3.093898 0.733767 0.966245 C -1.129592 -3.093008 0.363685 
C -2.452407 0.973480 2.186103 C -1.740438 -3.968790 -0.548404 
C -2.972826 1.732265 3.220571 C -2.853509 -4.731298 -0.209394 
C -4.232930 2.304747 3.052938 C -3.400893 -4.626516 1.068641 
C -4.906407 2.121253 1.845752 C -2.825777 -3.758561 1.994404 
C -4.335340 1.377600 0.815403 C -1.699126 -3.021943 1.641042 
C 1.129592 -3.093008 -0.363685 F 1.184667 -0.457893 2.318677 
C 1.740438 -3.968790 0.548404 F 2.283912 -1.914567 4.346818 
C 2.853509 -4.731298 0.209394 F 4.777743 -3.035716 4.027611 
C 3.400893 -4.626516 -1.068641 F 6.097320 -2.695900 1.661201 
C 2.825777 -3.758561 -1.994404 F 4.994844 -1.307719 -0.352521 
C 1.699126 -3.021943 -1.641042     
 
Table 2.8.2 Optimized coordinates of 2.5. 
Ce -0.002487 0.001077 -0.002346 C -1.22477 2.878727 -1.190936 
F -2.003008 1.602663 0.653003 C -2.273447 2.549622 -0.318884 
F -0.690642 4.089529 -3.172643 C -3.555452 3.069557 -0.385139 
F -3.132577 5.196401 -3.283927 C -3.848329 3.993476 -1.38602 
F -5.069992 4.527848 -1.479004 C -2.852355 4.337989 -2.299346 
F -4.488527 2.694875 0.494713 C -1.582532 3.773099 -2.220102 
F 0.639263 5.06959 -1.068768 C 1.190328 2.779501 -1.430962 
F 1.986216 0.554715 -1.65741 C 1.537363 4.145581 -1.446368 
F 4.462822 1.402237 -2.390209 C 2.803112 4.582098 -1.827497 
F 5.023876 4.098218 -2.506706 C 3.805926 3.671334 -2.15872 
F 3.072412 5.890563 -1.843651 C 3.523566 2.308168 -2.103496 
F 2.005556 1.160641 1.277302 C 2.245371 1.910625 -1.748015 
F 4.502505 1.362159 2.3364 C 3.87312 0.022809 4.192094 
F -4.461848 -1.754177 2.152599 C 2.879276 -0.718769 4.830332 
F -5.003372 -0.94813 4.73154 C 1.603748 -0.825554 4.283184 
F -0.60567 0.706788 5.13439 C 1.239341 -0.152842 3.099336 
F -3.036676 0.270913 6.18284 C -1.176709 -0.401962 3.10381 
F -1.988595 -1.366318 1.092843 C -2.238607 -0.989937 2.400203 
F 0.712777 -1.61253 4.907396 C -3.514903 -1.182827 2.902254 
F 3.166918 -1.362935 5.964933 C -3.787427 -0.771721 4.205188 
F 5.100449 0.105516 4.71508 C -2.776772 -0.157682 4.944433 
F -2.018436 -0.250318 -1.706705 C -1.512906 0.045818 4.397415 
F 4.484838 -2.741348 -0.062784 C -2.280932 -1.569894 -2.027874 
F 5.029666 -4.193382 -2.340104 C -1.223148 -2.480156 -1.882147 
F 3.060569 -4.53138 -4.203185 N -0.011062 -1.99867 -1.407612 
F 0.625255 -3.460644 -3.857739 C 1.194752 -2.61954 -1.702088 
F 2.006334 -1.695041 0.327946 C 2.25804 -2.451875 -0.802117 
F -0.670587 -4.797611 -1.932415 C 3.53683 -2.953163 -0.980157 
F -3.116785 -5.474107 -2.800397 C 3.811058 -3.684385 -2.133814 
F -4.507333 -0.960326 -2.53781 C 2.7995 -3.860858 -3.077469 
F -5.074843 -3.594365 -3.112692 C 1.533146 -3.3179 -2.878803 
C 2.285128 0.55667 2.490094 C -1.572838 -3.823033 -2.129906 
C 3.572224 0.661153 2.990841 C -2.844947 -4.187981 -2.561654 
N 0.023968 -0.217931 2.433072 C -3.850792 -3.234145 -2.71436 
N -0.014404 2.219695 -1.029987 C -3.565025 -1.901088 -2.427601 
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Table 2.8.3 Optimized coordinates of HN(SiMe3)(C6F5). 
C -1.082883 -1.267969 -0.000283 C 2.326181 -1.10606 -1.547353 
C -2.39227 -1.752508 -0.000122 C 2.324921 -1.106364 1.547562 
C -3.480909 -0.880897 0.000046 C 3.237738 1.418759 0.00041 
C -3.247292 0.498005 0.000103 H 1.587362 -1.910463 -1.634891 
C -1.944283 0.9582 -0.000047 H 2.250539 -0.492614 -2.452673 
C -0.81992 0.113033 -0.00025 H 3.320094 -1.570889 -1.538992 
H -0.254392 -1.969404 -0.000432 H 1.585978 -1.910723 1.634373 
H -2.556444 -2.826659 -0.000155 H 3.318815 -1.571253 1.539814 
H -4.497781 -1.260639 0.000143 H 2.248668 -0.493085 2.452939 
H -4.058143 1.219754 0.000253 H 3.099143 2.04866 -0.886391 
N 0.451826 0.676178 -0.000371 H 3.099524 2.04839 0.887446 
H 0.415645 1.68888 -0.000524 H 4.28007 1.078357 0.000096 
Si 2.059439 -0.054913 0.000101 F -1.706855 2.301337 -0.000024 
 
Table 2.8.4 Optimized coordinates of HN(SiMe3)(C6H4F). 
C 1.814335 -1.304862 -0.000185 F 3.407294 1.949163 0.000372 
C 0.475368 -0.924562 -0.000805 F 4.111023 -0.70455 0.000791 
C 0.073158 0.419035 -0.000972 F 2.131236 -2.605961 0.000002 
C 1.119852 1.360759 -0.000572 F -0.459579 -1.902625 -0.001182 
C 2.460427 1.002683 -0.000017 H -4.085466 -1.427286 1.57107 
C 2.820069 -0.343673 0.000195 H -2.355211 -1.798035 1.622814 
N -1.240198 0.850798 -0.001706 H -2.979605 -0.365912 2.45889 
H -1.286561 1.863785 -0.002068 H -3.884884 2.150648 0.886785 
Si -2.832989 0.047569 0.000387 H -3.886544 2.148821 -0.888082 
C -3.085666 -0.985586 -1.555688 H -5.056146 1.170042 0.001444 
C -4.016582 1.518842 0.000126 H -2.980199 -0.370984 -2.45727 
C -3.082147 -0.983076 1.558707 H -2.362492 -1.804033 -1.61781 
F 0.792078 2.672786 -0.000729 H -4.091004 -1.425282 -1.567268 
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Chapter 3. Application of C−F→Ln/An 
Interactions in Coordination Chemistry 
3.1 Introduction. Complexes of lanthanide-metal cations find widespread use in the catalytic 
activation of organic substrates due to their strong Lewis acidity.1 For example, heterobimetallic 
lanthanide-alkali metal binolate complexes have been shown as effective catalysts for a variety of 
enantioselective transformations.2 Lanthanide triflates are widely used as water-tolerate Lewis 
acid catalysts in Friedel-Crafts acylation, carbonyl allylation, Diels-Alder and Michael addition 
reactions.3 In such applications, structure-reactivity relationships and rational catalyst design rely 
upon the isolation of well-defined, typically monomeric complexes whose electrophilicity can be 
tuned while maintaining open coordination sites for substrate activation and turnover. Reported 
approaches toward the isolation of monomeric and kinetically inert f-block complexes include the 
use of multi-dentate ligands,4,5 and/or sterically bulky substituents.6,7 However, many reported 
ligand frameworks that yield monometallic complexes are limited in the binding of bulky or weakly 
donating substrates. In order to access more electrophilic cations with accessible coordination 
sites for use in catalysis, reported efforts have included the preparation of lanthanide complexes  
with hemi-labile donor groups, such as N-heterocyclic carbenes.8 We reasoned the labile 
C−F→Ln/An interactions could also be used as temporary masks for the highly electrophilic f-
Portions of this chapter have been adapted from previous publications. Section 3.1 is adapted 
from "C−F→Ln/An Interactions in Synthetic f-Element Chemistry" Yin, H.; Zabula, A. V.; Schelter, 
E. J. Daltron Trans., 2016, 45, 6313−6323 with permission from The Royal Society of Chemistry. 
Section 3.2.1 and a portion of section 3.1 are adapted from “Electrophilic Ln(III) Cations 
Protected by C–F→Ln Interactions and their Coordination Chemistry with Weak Sigma- and Pi-
Donors" Yin, H.; Lewis, A. J.; Carroll, P. J.; Schelter, E. J. Inorg. Chem. 2013, 52, 8234–8243. 
Copyright 2013 American Chemical Society. Section 3.2.2 is adapted from "κ2-Coordination of 18-
crown-6 to Ce(III) Cations: Solution Dynamics and Reactivity" Yin, H.; Robinson, J. R.; Carroll, P. 
J.; Walsh, P. J.; Schelter, E. J. Chem. Commun. 2014, 50, 3470−3472 with permission from The 
Royal Society of Chemistry. Section 3.4.1 is adapted from "Anomalous One-Electron Processes 
in the Chemistry of Uranium Nitrogen Multiple Bonds" Mullane, K. C.; Lewis, A. J.; Yin, H.; 
Carroll, P. J.; Schelter, E. J. Inorg. Chem. 2014, 53, 9129−9139. Copyright 2014 American 




Chapter 3 – Applications of C−F→Ln/An Interactions in Coordination Chemistry | 66 
 
 
block element cations.9 This strategy was previous explored by Gade and co-workers with 
zirconium(IV) complexes; they demonstrated the use of labile C−F→Zr moieties in an adaptive 
framework to accommodate the steric demands of small or large donor groups (Figure 3.1.1).10-12 
 
Figure 3.1.1 Displacement of C−F→Zr interactions to adapt to the coordination of a larger 
substituent. 
 
The masking effect of C−F→Ln/An interactions with electrophilic cations was 
previously implicated in the cationic polymerization catalyst [(C5Me5)2ThCH3][B(C6F5)4],13 
where two close contacts of ortho- and meta- fluorine atoms from the fluoroborate anion 
with the Th4+ cation were observed in the solid-state structure. The cationic catalyst was 
observed to be ~103 times more active in olefin polymerization than its proteo-analogue, 
[(C5Me5)2ThCH3][BPh4],14 where π-arene coordination to the Th4+ cation was indicated by 
low-temperature NMR spectroscopy. The coordination ability of fluorine-containing counter 
ions and their influence on polymerization reactivity were also noted with Zr IV metallocene 
catalysts.15,16  
In fact, C−F→Ln/An bonding motifs have been frequently observed in active species of 
olefin polymerization catalysts. Tris(pentafluorophenyl)borane is commonly used as a co-catalyst 
for activating lanthanide metallocene and amide complexes. Evans and co-workers implicated the 
activity of pentamethylcyclopentadiene ligands upon treatment with B(C6F5)3 to access active 
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catalysts (Figure 3.1.2, Eq 1).17 Similar hydride abstraction reactions by B(C6F5)3 were leveraged 
for Yb[C(SiHMe2)3]2(thf)2 to access a Yb−H−B(C6F5)3 chelating moiety (Figure 3.1.2, Eq 2).18,19 
Anwander and co-workers reported that treatment of (C5Me5)La(AlMe4)2 with B(C6F5)3 resulted in 
−C6F5/−CH3 exchange (Figure 3.1.2, Eq 3).20 The active catalyst, {(C5Me5)La(AlMe3C6F5)[μ-
Me2Al(C6F5)2]}2, was shown to be highly efficient and trans-selective for isoprene polymerization. 
 
Figure 3.1.2 Activation of lanthanide olefin polymerization catalysts with B(C6F5)3. 
 
Following the studies on C−F→Ln/An chemistry in Chapter 2, we set out to apply these 
interactions in f-block element coordination and reactivity chemistry in this Chapter. 
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3.2 C−F→Ln/An as Temporary Masks Leading to Unusual Coordination Chemistry. 
C−F→Ln/An interactions can satisfy the coordination demands for the large f-block element 
cations. However, these non-covalent interactions are relatively weak and can be readily 
displaced by donor molecules. In this section, we demonstrated the displacement of C−F→CeIII 
interactions with σ- and π- donor molecules, leading to unconventional coordination chemistry. 
3.2.1 Coordination of Arene to Ce3+ Cation. Electrophilic f-block cations with large ionic radii 
ranging from 0.8–1.3 Å21 are known to interact with aromatic systems.22 Anionic aromatic ligands, 
such as the cyclopentadienide anion, cyclooctatetraene dianion and their derivatives have played 
a central role in the development of f-block organometallic chemistry.1,23,24 Reduced arene 
complexes have also received attention.25-28 In particular, the reactivity of reduced arene groups 
coordinated to f-block cations has recently enabled new types of transformations, such as C−H 
borylation.29 In contrast, the coordination of neutral arene molecules with f-elements has seen 
only moderate development. The few reported arene adducts of lanthanide cations were 
prepared through one pot reactions. Uranium and lanthanide arene adducts, UIII(η6-
C6H6)(AlCl4)330 and SmIII(η6-C6Me6)(AlCl4)331 were isolated using a variation of a reductive Friedel-
Crafts reaction. This type of metal-neutral arene interaction, although subtle, is expected to play a 
role in certain lanthanide catalytic systems including lanthanide triflate-catalyzed Friedel-Crafts 
acylations.32 Although an abundance of molecular examples of uranium and thorium neutral-
arene adducts have been reported,33-37 the synthesis of trivalent lanthanide neutral arene adducts 
have been limited to the halogenoaluminates,38-42 and halogenogallinates,43 and a single example 
of NdIII amide complex, NdIII(η4-C6H5Me)[N(C6F5)2]3.44 Interestingly, in the NdIII amide case, a 
toluene molecule was bound unsymmetrically to the NdIII cation demonstrating two long Nd−C(Ar) 
bonds and four short Nd−C(Ar) bonds. Thus, an η4 instead of η6 assignment was suggested for 
this complex.22  
 
 




Figure 3.2.1 Representative examples of Ln3+ cations coordinating to neutral arene molecules. 
 
In the current work, we reasoned that Ce[N(C6F5)2]3 would provide a useful starting 
material for the synthesis of complexes with weak donor interactions to a 4f metal cation 
accompanied by the displacement of C−F→CeIII interactions. In addition, the Ce3+ cation was 
expected to be more electrophilic in Ce[N(C6F5)2]3 than in Ce(TMP)345 (TMP−H = 2,2,6,6-
tetramethylpiperidine) or in Ce[N(SiMe3)2]346 due to the electron-poor nature of its amide ligands. 
To test this hypothesis, we investigated the coordination chemistry of Ce[N(C6F5)2]3 with σ- and 
π- donors, including Et2O, C6H5OMe, −N(C6F5)2, toluene and mesitylene (Figure 3.2.2). 
Slow evaporation of an Et2O solution of Ce[N(C6F5)2]3 yielded colorless crystals of 
(Et2O)2Ce[N(C6F5)2]3 (3.1-Et2O). X-ray analysis of the crystals revealed two Et2O molecules 
coordinated to the Ce3+ cation (Figure 3.2.3), comprising a trigonal bipyramidal CeO2N3 core with 
two Et2O molecules coordinated to the equatorial plane of the complex. The CeN bond 
distances in 3.1-Et2O were slightly lengthened compared to Ce[N(C6F5)2]3, with an average of 
2.495(3) Å compared to 2.422(3) Å. Importantly, compared to Ce[N(C6F5)2]3, the structure of 3.1-
Et2O revealed that two of the C−F→Ce interactions have been displaced and that the –C6F5 aryl 
groups have re-oriented to accommodate the Et2O coordination. In contrast, the reported 
structures of Ce(TMP)3 and Ce[N(SiMe3)2]3 did not form such solvent adducts in the solid state, 
despite the fact that both of those compounds were prepared in coordinating ethereal solvents 
including tetrahydrofuran (THF) or dimethoxyethane (DME). These results indicated that the 
C−F→CeIII interactions could serve as a mask for the electrophilic cerium cation in Ce[N(C6F5)2]3. 
 
 





Figure 3.2.2 Coordination chemistry of Ce[N(C6F5)2]3 with weak σ- and π- donor ligands. For 
clarity, the C−F→CeIII interactions in each complex was not shown in this figure. 
 
Following the result of diethyl ether coordination to Ce[N(C6F5)2]3, we further explored the 
protected nature of the CeIII cation using a fourth equivalent of the amide –N(C6F5)2. Reaction of 
Ce[N(C6F5)2]3 with 1 equiv NaN(C6F5)2(Et2O) in Et2O resulted in the formation of the monomeric, 
anionic complex: [Na(Et2O)4]{Ce[N(C6F5)2]4} (3.2) (Figure 3.2.4). Unlike the complex 
U[N(C6F5)2]4,47 which exhibited a planar UN4 core, {Ce[N(C6F5)2]4}– bore a tetrahedral geometry 
with τ4 = 0.740,48 and four C−F→CeIII interactions at 2.7849(15) Å. The difference in geometry 
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likely stemmed from the difference in charge between the CeIII and UIV cations. The ability of 
Ce[N(C6F5)2]3 to accommodate a fourth ligand demonstrated the spatial availability around the 
metal center. The displacement of one C−F→CeIII interaction at each amide ligand further 
demonstrated the protected nature of the cation in Ce[N(C6F5)2]3. 
With Ce[N(C6F5)2]3 in hand, we next explored its coordination chemistry with arene 
molecules. Treatment of Ce[N(C6F5)2]3 with hot toluene followed by cooling of the solution to room 
temperature resulted in the formation of colourless crystals of (η4-toluene)Ce[N(C6F5)2]3 (3.3-tol, 
Figure 3.2.5). Crystallographic analysis of 3.3-tol revealed coordination of one molecule of 
toluene to the electrophilic CeIII cation comprising a distorted piano-stool geometry (Figure 3.2.5). 
The structure of 3.3-tol also revealed that only three F→Ce short contacts ~2.59–2.70 Å, remain 
in the structure. As was observed in Nd(η4-C6H5Me)[N(C6F5)2]3,44 the toluene molecule was 
bonded unsymmetrically to the CeIII cation with two long Ce−C contacts at 3.349 and 3.316 Å and 
four shorter contacts at 3.180, 3.161, 3.035, 3.031 Å, featuring an  η4-arene interaction.  
To further explore the unsymmetric toluene coordination on the basis of sterics we also 
prepared the analogous mesitylene compound, 3.3-mes. X-ray analysis of colourless crystals 
prepared from mesitylene in the same manner as 3.3-tol revealed similar piano stool structure 
with mesitylene bonded to CeIII center. Two molecules were contained in an asymmetric unit cell. 
Only one molecule was shown in Figure 3.2.6 and was arbitrarily chosen for further structural and 
computational analysis. Unlike in the structure of 3.3-tol, the differences in Ce−C distance were 
within 0.08 Å for 3.3-mes, exhibiting clear η6-bonding pattern. This result supports the assertion 
that the solid state binding mode of neutral arene adducts to the CeIII cation is driven primarily by 
the steric demand at the aryl group. The average Ce−C contact in 3.3-mes (3.145 Å) was longer 
than the average Ce−C contact in Ce(C6H5Me)(GaCl4)3 (2.950 Å),43 and longer than the Ce−C 
distances with anionic aromatic ligands such as 2.79(1) Å in [(C5Me5)2CeCl2K(THF)]n49 and 
2.742(8) Å in [K(CH3OCH2CH2)2O][Ce(C8H8)2].50 The longer Ce–C(Ar) distances in 3.3-mes 
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indicated a weaker bonding interaction. Reactions with more electron deficient arenes including 
benzene and fluorobenzene invariably returned only the starting material Ce[N(C6F5)2]3 as judged 
by single crystal X-ray analysis.  
It was also of interest to compare the relative binding strength between weak donor 
groups at Ce[N(C6F5)2]3. Treatment of Ce[N(C6F5)2]3 with hot anisole followed by slow cooling to 
room temperature resulted in colorless crystals of 3.1-PhOMe. X-ray analysis clearly showed the 
anisole was bound to the CeIII cation through the oxygen atom, and the conservation of the six 
F→Ce interactions, despite the fact that anisole also contains an electron-rich π system (Figure 
3.2.7). Paramagnetically shifted anisole 1H NMR resonances at 6.68, 6.54, 5.68, and 1.60 ppm 
for the meta-, para-, ortho-, and methoxy proton resonances respectively collected in toluene-d8 
suggested the Ce−O binding persists in solution. The observation of three resonances in the 19F 
NMR of 3.1-PhOMe indicated an equivalent environment for the –C6F5 groups on the NMR time 
scale. 
In the solid state, both arene adducts 3.3-tol and 3.3-mes were robust toward dynamic 
vacuum without loss of coordinated arene ligands, as judged by elemental analysis. However, 
upon dissolving in solvents including benzene-d6, fluorobenzene and hexafluorobenzene, the 
NMR spectra of 3.3-tol and 3.3-mes suggested the adducts dissociated into free arene (toluene 
or mesitylene) and Ce[N(C6F5)2]3. No shifted arene resonances indicative of arene coordination to 
the paramagnetic CeIII center were observed in 1H NMR at room temperature. In contrast, 
paramagnetically shifted proton resonances arising from the coordinated ether molecules (diethyl 
ether or anisole) were observed for 3.1-Et2O and 3.1-PhOMe at room temperature. The 
dissociation of arene adducts in solution suggested only weak bonding between arenes and the 
CeIII cations, and that the bound arenes were displaced by C−F→Ce dative interactions.  
The particulars of bonding in the arene adducts 3.3-tol and 3.3-mes were of interest. The 
compounds were clearly different from Ln0 sandwich compounds which involve delocalization of 
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zerovalent metal electrons to the π orbitals of coordinated arene and exhibit high dissociation 
energies comparable to transition metal analogues, ~50–70 kcal mol-1.51 Thus, electronic 
structure calculations were performed to examine the bonding of the arene adducts reported 
here. An optimized geometry for 3.3-mes, obtained at the B3LYP level, effectively reproduced the 
experimental bond lengths. The crystallographic Ce−F and Ce−N bond lengths in 3.3-mes 
averaged 2.446(5) and 2.762(3) Å respectively, while the computed distances averaged 2.448 
and 2.779 Å. In the computational results, the arene maintained η6-coordination but the centroid 
of the arene was ~0.28 Å displaced from the CeIII center compared to the crystallographic 
structure. This difference likely arose from the absence of Van der Waals interactions in the 
method applied,52 and/or crystal packing forces in the solid state. The accuracy in describing 
dispersion forces using DFT functions may be improved by including empirical corrections.53,54 
The weak interaction between the CeIII cation and mesitylene was evident from the small 
calculated Mayer Bond Orders (0.06–0.09) between cerium and each carbon; the sum of MBO 
between each carbon and the cerium(III) center was 0.43. Our calculated free energy for the 
coordination of mesitylene to Ce[N(C6F5)2]3 gave a ΔG = +15.1 kcal∙mol-1, from a comparison of 
the relative energies of Ce[N(C6F5)2]3, mesitylene and 3.3-mes. The data suggested that 
dissociation of the arene from the metal center is spontaneous in the gas phase. This result was 
consistent with the observation of Ce[N(C6F5)2]3 and free mesitylene when 3.3-mes was 
dissolved in non-coordinating solvents at room temperature. From the computed model, the 
dissociation process was entropy-driven with a calculated ΔS = 65.4 cal mol–1 K–1 (298 K) and ΔH 
= 4.4 kcal mol–1. The small enthalpy change could be attributed to the energy compensation 
provided by the F→Ce interactions upon displacement of the arene molecule. As such, the 
binding of weak donors at the CeIII cation in the solid state was not due solely to the 
electrophilicity of the cation, rather, due to the intermolecular packing and other non-covalent 
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interactions. These results suggest a strong interplay between C−F→Ce and arene coordination, 
demonstrating the reversibility of the fluorine protecting ability.   
 
Figure 3.2.3 Thermal ellipsoid plot of 3.1-Et2O at the 30% probability level. Hydrogen atoms are 
omitted for clarity. Selected bond length (Å) and angles (deg): Ce(1)–N(1) 2.5108(19), Ce(1)–N(2) 
2.462(3), Ce(1)–O(1) 2.5222(16), Ce(1)–F(1) 2.8190(14), Ce(1)–F(2) 2.7155(15); N(1)–Ce(1)–
N(2) 91.20(5), O(1)–Ce(1)–O(1') 130.42(8), F(1)–Ce(1)–N(2) 59.90(3), F(2)-Ce(1)-N(1) 60.81(6). 
 
 
Figure 3.2.4 Thermal ellipsoid plot of 3.2 at the 30% probability level. Cation is omitted for clarity. 
Selected bond length (Å) and angles (deg): Ce(1)–N(1) 2.4715 (16), Ce(1)–N(2) 2.4927(17), 
Ce(1)–N(3) 2.4863(17), Ce(1)–N(4) 2.4914(18), Ce(1)–F(1) 2.7508(13), Ce(1)–F(2) 2.8275(14), 
Ce(1)–F(3) 2.6629(12), Ce(1)–F(4) 2.8982 (13); N(1)–Ce(1)–N(2) 101.99(6), N(1)–Ce(1)–N(3) 








Figure 3.2.5 Thermal ellipsoid plot of 3.3-tol at the 30% probability level. Hydrogen atoms are 
omitted for clarity.  Selected bond length (Å) and angles (deg): Ce(1)–N(1) 2.412(2), Ce(1)–N(2) 
2.440(2), Ce(1)–N(3) 2.433(2), Ce(1)–F(1) 2.6287(14), Ce(1)–F(2) 2.5888(14), Ce(1)–F(3) 




Figure 3.2.6 Thermal ellipsoid plot of 3.3-mes at the 30% probability level. Hydrogen atoms are 
omitted for clarity. The other molecule in the asymmetric unit cell is omitted for clarity. Selected 
bond length (Å) and angles (deg): Ce(1)–N(1) 2.468(4), Ce(1)–N(2) 2.402(4), Ce(1)–N(3) 
2.468(4), Ce(1)–F(1) 2.673(3), Ce(1)–F(2) 2.841(3), Ce(1)–F(3) 2.755(3), Ce(1)–F(4) 2.780(3). 








Figure 3.2.7 Thermal ellipsoid plot of 3.1-PhOMe at the 30% probability level. Hydrogen atoms 
are omitted for clarity. Selected bond length (Å) and angles (deg): Ce(1)–N(1) 2.4255(17), Ce(1)–
N(2) 2.4528(17), Ce(1)–N(3) 2.4281(16), Ce(1)–O(1) 2.5207(14), Ce(1)–F(1) 2.6574(13), Ce(1)–
F(2) 2.8899(15), Ce(1)–F(3) 2.9095(14), Ce(1)–F(4) 2.7604(13), Ce(1)–F(5) 2.6868(13), Ce(1)–
F(6) 2.7563(13); N(1)–Ce(1)–N(2) 103.51(6), N(1)–Ce(1)–N(3) 122.53(6), N(2)–Ce(1)–N(3) 
128.40(5), N(1)–Ce(1)–O(1) 114.60(5), N(2)–Ce(1)–O(1) 94.34(5), N(3)–Ce(1)–O(1) 87.10(5). 
 
3.2.2 κ2- and κ6-coordination of 18-crown-6 Molecule to Ce3+ Cation. The coordination 
chemistry of f-block cations with macrocyclic polyethers (MCPE) is important historically in f-block 
chemistry and has drawn attention for the development of new extractants, NMR shift reagents, 
and model complexes for natural ionophores.1,55-57 As a readily available MCPE prototype, 18-
crown-6 exhibits larger stability constants in forming 1:1 lanthanide complexes than its smaller or 
acyclic counterparts. The logβ1 is 8.75 for La3+ with 18-crown-6 in anhydrous propylene 
carbonate, compared to 6.38 and 5.30 with 15-crown-5 and 18-podand-6, respectively.58,59 The 
flexibility of the polyether moiety allows 18-crown-6 to bind lanthanide cations throughout the 
series exclusively in the κ6-coordination mode.1,60-67 Previous work by Lappert and co-workers on 
the coordination chemistry of 18-crown-6 with amide- and cyclopentadienide- lanthanide 
complexes demonstrated that diverse coordination chemistry could be achieved by varying the 
steric bulkiness of the lanthanide supporting ligands as well as the size of the cations.65,66 In our 
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efforts toward investigating the displacement of C−F→Ln/An interactions by donor molecules, we 
set out to prepare the coordination compounds of 18-crown-6 with Ce[N(SiMe3)(C6F5)]3.  
Reaction of Ce[N(SiMe3)(C6F5)]3  with 18-crown-6 in n-pentane, toluene, or diethyl ether 
produced its 18-crown-6 adduct (κ2-18-crown-6)CeIII[N(SiMe3)(C6F5)]3 (3.4) as indicated by NMR 
spectroscopy. A crystallographic study on 3.4 revealed that the 18-crown-6 moiety was 
coordinated to the metal in κ2-fashion with the associated ethylene moiety folded back into the 
ring cavity (Figure 3.2.9). The κ2-coordination of 18-crown-6 has been documented with small 
metal cations,68-73 for example MCl3(H2O)(κ2-18-crown-6) (M = V, Cr),68,69 MCl4(κ2-18-crown-6) (M 
= Ti, Sn),70 (TiF4)2(κ2-18-crown-6),71 [PPh4][(VCl4)2(κ2-18-crown-6)],69 [In(κ2-18-crown-6)I2][InI4],72 
but not for f-block cations with larger ionic radii and more available binding sites. The Ce3+ cation, 
at 101 pm, is comparable to Na+ at 102 pm.21 This unexpected κ2-coordination mode can be 
attributed to the interplay between steric hindrance of the −N(SiMe3)(C6F5) ligands in 
Ce[N(SiMe3)(C6F5)]3 and their masking of the Ce3+ cation by weak C−FCe interactions.  
The solution 19F NMR of 3.4 showed three resonances at room temperature indicating a 
symmetric environment for the amide ligands on the NMR timescale. Only one broad symmetric 
proton resonance was observed for the bound 18-crown-6 molecule at –1.30 ppm, implicating a 
fluxional process at the bound ether moiety. This was in contrast to the observation in TiCl4(κ2-18-
crown-6), where multiple proton resonances were suggestive of strongly coordinated 18-crown-6 
to the smaller and more Lewis acidic Ti4+ cation.73 A variable temperature NMR experiment was 
performed on 3.4 in toluene-d8 from 300–200 K and decoalescence of the coordinated 18-crown-
6 proton resonances was observed at 240 K; decoalescence of 19F resonances due to C−F→Ce 
interactions was observed at 210 K. 
 
 




Figure 3.2.8 Synthesis of 3.4, 3.5 and 3.6. For clarity, the C−F→CeIII interactions in each 
complex were not shown in this figure. 
 
Storing a C6D6 solution of 3.4 at room temperature led to gradual appearance of two new 
sets of pentafluorophenyl ring signals as well as two sets of –SiMe3 proton resonances in a 1:2 
ratio over several hours by 19F and 1H NMR spectroscopies. Facile conversion to the new product 
was accomplished upon treating 3.4 with polar solvents, including tetrahydrofuran (THF), 
dimethoxyethane (DME), pyridine, or CH2Cl2 (Figure 3.2.8). X-ray analysis of colorless crystals 
obtained from THF/hexanes layering determined the product 3.5 to comprise charge separated 
cations and anions in the form of {Ce(κ6-18-crown-6)[N(SiMe3)(C6F5)]2}+ and 
{Ce[N(SiMe3)(C6F5)]4}– (Figure 3.2.10). No C−FCe interactions were observed in the solid-state 
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structure for the cationic moiety, {Ce(κ6-18-crown-6)[N(SiMe3)(C6F5)]2}+. The sharp doublet 
attributed of the ortho-fluorine atoms of the cation in the 19F NMR spectrum of 3.5 also supported 
the absence of C−FCe interactions in solution. On the other hand, the {CeIII[N(SiMe3)(C6F5)]4}– 
anion exhibited two C−FCe interactions in the solid state at an average of 2.680(2) Å. The 
presence of the C−FCe interactions was evident by the broad resonance for ortho-fluorine 
atoms in the solution 19F NMR spectrum. The transformation of complex 3.4 to 3.6 suggested κ6-
coordinated complex 3.6 was the thermodynamically favored product while the combination of 
sterics and C−F→Ce interactions allowed the first isolation of intermediate κ2-coordination form. 
Complex 3.5 could also be directly prepared by reacting 0.5 equiv of 18-crown-6 with 
Ce[N(SiMe3)(C6F5)]3 in THF, DME, pyridine, or CH2Cl2 in near quantitative yield (Figure 3.2.8). In 
contrast, Ce[N(SiMe3)(C6F5)]3 reacted with neat DME to form an 1:1 adduct, as judged by 1H and 
19F spectroscopies, that did not convert to a charge-separated complex. Ce[N(SiMe3)2]3 did not 
react with 18-crown-6 under the conditions used for the formation of 3.5, likely due to the 
relatively larger steric bulk of the −N(SiMe3)2 ligand.  
The solution exchange behavior of 3.4 (κ2-18-crown-6) or 3.5 (κ6-18-crown-6) with free 
18-crown-6 was investigated with 1H NMR Exchange Spectroscopy (EXSY). Facile exchange 
between free 18-crown-6 and κ2-18-crown-6 occurred for 3.4 (Figure 3.2.12), while no exchange 
was observed between free 18-crown-6 and κ6-18-crown-6 for 3.5 (Figure 3.2.13). The weak 
coordination of κ2-18-crown-6 was also demonstrated by its clean substitution reaction with 
neutral and anionic donors. Reaction of 3.4 with 1 equiv of 4,4ʹ-di-tert-butyl-2,2ʹ-bipyridyl 
(tBu2bipy) or KN(SiMe3)(C6F5) resulted in the clean formation of (tBu2bipy)Ce[N(SiMe3)(C6F5)]3 
(3.6) or {Ce[N(SiMe3)(C6F5)]4}−, respectively (Figure 3.2.8). Similar to the coordination sphere in 
3.4, 3.6 preserves one C−FCe interaction at 2.673(4) Å (Figure 3.2.11). However, no further 
displacement of the amide ligands to form charge-separated complex could be achieved by 
reacting 3.4 with excess tBu2bipy.  
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The rich solution behavior for complex 3.4 presented herein supported the capability of 
C−F→Ln/An interactions in stabilizing kinetic products, leading to unconventional coordination 
chemistry. We have also noticed a strong dependence of reaction outcomes (κ2- or κ6-18-crown-
6) on the types of solvent. We expect these results will bring more attention to the solution 
dynamics and solvent effects in molecular f-block chemistry. 
 
 
Figure 3.2.9 Thermal ellipsoid plot of 3.4 at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)–N(1) 2.4595(17), Ce(1)–N(2) 2.3785(17), Ce(1)–N(3) 2.4057(17), Ce(1)–
F(1) 2.7545(12), Ce(1)–O(1) 2.5201(14), Ce(1)–O(2) 2.6050(15); N(1)–Ce(1)–N(2) 92.15(6), 









Figure 3.2.10 Thermal ellipsoid plot of 3.5 at the 30% probability level (Left: 
CeIII[N(SiMe3)(C6F5)]4-, right: Ce(κ6-18-crown-6)[N(SiMe3)(C6F5)]2+). Interstitial THF molecule is 
omitted for clarity). Selected bond length (Å) and angles (deg): Ce(1)–N(1) 2.409(3), Ce(1)–N(2) 
2.489(3), Ce(1)–N(3) 2.527(3), Ce(1)–N(4) 2.402(3), Ce(2)–N(5) 2.472(3), Ce(2)–N(6) 2.454(3), 
Ce(1)–F(1) 2.678(2), Ce(1)–F(2) 2.681(2), Ce(2)–Oave 2.614(3); N(1)–Ce(1)–N(2) 86.51(10), 
N(1)–Ce(1)–N(3) 123.42(10), N(1)–Ce(1)–N(4) 116.99(10), N(2)–Ce(1)–N(4) 118.43(10), N(3)–
Ce(1)–N(4) 89.89(10), N(3)–Ce(1)–F(1) 63.33(8), N(2)–Ce(1)–F(2) 63.87(8), N(5)–Ce(2)–N(6) 
168.31(11). 
 
Figure 3.2.11 Thermal ellipsoid plot of 3.6 at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)–N(1) 2.491(6), Ce(1)–N(2) 2.407(7), Ce(1)–N(3) 2.402(6), Ce(1)–N(4) 
2.662(6), Ce(1)–N(5) 2.613(7), Ce(1)–F(1) 2.673(4); N(1)–Ce(1)–N(2) 102.8(2), N(1)–Ce(1)–N(3) 
130.5(2), N(2)–Ce(1)–N(3) 110.7(2). 
 
 





Figure 3.2.12 1H EXSY experiment of 3.4 with free 18-crown-6 in C6D6 (each with a 
concentration of 1.5 × 10-2 mol L-1). The spectrum was collected with a mix time of 10 ms. 
Resonances were assigned in 1D spectrum. The presence of off-diagonal peaks suggests a 










Figure 3.2.13 1H EXSY experiment of 3.5 with free 18-crown-6 in pyridine-d5 (each with a 
concentration of 1.5 × 10-2 mol L-1). The spectrum was collected with mix time of 10 ms. 
Resonances were assigned in 1D spectrum. No off-diagonal peaks were observed at any of the 
mix times measured (0, 10, 25, 50 100, 200 ms), indicating no exchange occurring between the 
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3.3 Directing Three-fold Framework with C−F→Ln/An Interactions. The geometries of 
organo-transition metal (d-block) compounds typically benefit from the partially covalent bonding 
and have significant impact on their applications.74 As for f-block elements, where bonding is 
dominated by ionic character and a lack of directionality, the complex geometries are directed by 
sterics, the use of multi-dentate ligands or a combination of both.75 
The Hayton group76-85, our group86-90 and others91-96 have adapted steric bulky mono-
dentate −N(SiMe3)2 ligands in synthetic uranium chemistry to provide C3‒symmetric frameworks 
(Figure 3.3.1). The Cummins group demonstrated monodentate amide ligands, −N(3,5-
Me2C6H3)R (R = ‒SiMe3 or adamantyl), could lead to a 3-fold geometry with an open coordination 
site.97 The geometrical preferences could be attributed to relative bulkiness of ligand as well as 
weak U−Cipso interactions, which saturated the coordination sphere of large cations. With smaller 
cations or larger substituents, these M−Cipso interactions were not evident.98-100  
 
Figure 3.3.1 Examples of uranium complexes with 3-fold symmetry directed by bulkyl ligands and 
U−Cipso interactions. 
 
  In the context of existing frameworks, we were interested in applying other non-covalent 
interactions, such as C‒F→Ln/An interactions, to direct the coordination geometry of f-block 
element complexes.47,101-104 Compared to agostic or U‒Cipso interactions, C‒F→Ln/An interactions 
especially those involving C−F bonds from the ortho-position of aryl group, are more 
predictable.105,106 Herein, we investigated uranium(IV) coordination chemistry using a simple 
amide ligand, −N(SiMe3)(C6H4F).  
 
 




Figure 3.3.2 Synthesis of 3.7-Cl, 3.7-CCPh, 3.7-OMe and 3.8. 
 
  Salt metathesis reactions of UCl4 with 3 equiv NaN(SiMe3)(C6H4F) in tetrahydrofuran 
(THF) followed by recrystallization from n-pentane afforded red crystalline products of 
UCl[N(SiMe3)(C6H4F)]3 (3.7-Cl) in 81% yield. X-ray analysis revealed that 3.7-Cl bore a trigonal 
pyramidal UN3Cl core with all –SiMe3 groups aligned around the U−Cl bond. The UIV cation was 
only slightly displaced from the plane defined by the three N atoms (sum of N−U−N angles 
359.09(21) °). Three short U−F contacts at an average of 2.6091(16) Å were observed trans to 
the U‒Cl bond, providing an overall seven-coordinate UIV cation. Viewed along the U‒Cl bond, 
the three F→U interactions eclipsed the U‒N bonds. Complex 3.7-Cl was observed to be C3 
symmetric in solution by 1H and 19F NMR spectroscopies. The presence of a significantly shifted 
and broadened resonance in the 19F NMR spectrum (‒478.3 ppm for 3.7-Cl, compared to ‒135.4 
ppm of HN(SiMe3)(C6H4F) in C6D6) supported the persistence of strong C−F→U interactions in 
solution. A red coloration was observed for 3.7-Cl in the solid-state structure and in non-
coordinating solvent including n-pentane, toluene and fluorobenzene. Upon dissolving in THF, a 
color change to yellow was noted for 3.7-Cl. This color change likely originated from the 
association of THF to metal center by partially displacing C−F→U/Ln interactions to modulate 
electronic transitions within the amide ligands. This process was readily reversed by de-solvation 
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of 3.7-Cl through application of reduced pressure.  
  When 4 equiv NaN(SiMe3)(C6H4F) were used for the salt-metathesis reaction with UCl4 in 
THF, yellow crystals of U[N(SiMe3)(C6H4F)]4 (3.8) were isolated instead in 68% yield after 
recrystallization from n-pentane. Solution 1H NMR spectra of 3.8 recorded in C6D6 revealed the 
four ligands were equivalent on NMR time scale featuring four proton resonances from ‒C6H4F 
group and a single resonance at ‒1.15 ppm assigned to the ‒SiMe3 group. In the solid state 
molecular structure of 3.8, two of the amide ligands were involved in C−F→U interactions at an 
average F→U distance of 2.5361(18) Å while the other two involved in U−Cipso interactions at an 
average distance of 2.908 Å. In order to adapt the five-membered ring chelation, the U‒N bonds 
associated with C‒F→U interactions were lengthened by ~0.06 Å compared to the U‒N bonds 
associated with U‒Cipso interactions. In addition, the average bond length of C‒F bonds 
interacting with the UIV cation was 1.400(2) Å, lengthened by ~0.05 Å compared to the other two 
C‒F bonds. Interestingly, the −N(SiMe3)(C6F5) analogue of 3.8, U[N(SiMe3)(C6F5)]4 (3.11, see 
section 3.4.1),90 did not demonstrate C‒F→U interactions in its solid-state structure. Instead, the 
UIV cation was surrounded by four bulky ‒SiMe3 groups. Represented in τ4 notation,48 the UN4 
core in 3.8 (τ4 = 0.620) deviated more from a tetrahedral geometry (τ4 = 1) than 3.11 (τ4 = 0.822). 
This is consistent with our previous observations that the presence of C‒F→UIV interactions could 
alter the coordination polyhedron severely from a tetrahedral geometry.47  
  Attempts to access UIII complexes with −N(SiMe3)(C6H4F) ligands were unsuccessful. 
Protonolysis of U[N(SiMe3)2]3 with HN(SiMe3)(C6H4F) resulted in fluorine atom abstraction 
reactivity107-109 to give UF[N(SiMe3)2]3110 as the single identified product by 1H and 19F NMR 
spectroscopy. Salt metathesis of UI3(THF)4 with NaN(SiMe3)(C6H4F) or reduction of 3.7-Cl with 
KC8 all led to 3.8 identified by 1H NMR spectroscopy, presumably through fluorine atom 
abstraction reaction followed by ligand rearrangement.  
  In order to evaluate the strength of the C‒F→U interactions in 3.7-Cl, electronic structure 
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calculations were performed on the complex at the B3LYP level of theory. The gas phase 
optimized geometry of 3.7-Cl was in good agreement with the X-ray molecular structure, and all 
three F→U contacts were reproduced in the calculation. Mayer bond orders (MBO) calculated for 
average U‒Cl, U‒N and F→U distances were 0.93, 0.73 and 0.30, respectively. The average 
MBO of U‒N bonds (0.73) was larger than that in U[N(C6F5)2]4 (0.53 and 0.64 for two 
unequivalent U‒N bonds in the solid state),47 consistent with a more electron-donating amide 
ligand in 3.7-Cl. The MBO value of 0.30 for the U‒F interactions in 3.7-Cl was larger than 0.25 
calculated for U[N(C6F5)2]4,47 suggesting stronger C−F→U interactions in 3.7-Cl. 
  In order to test if the C3 structural framework could accept different X-type substituents 
other than Cl−, we set out to synthesize corresponding C-, O- and I- derivatives. Salt metathesis 
reaction of 3.7-Cl with NaC≡CC6H5 in THF led to the isolation of 3.7-CCPh. The UIV−C≡C−C6H5 
moiety in 3.7-CCPh was readily identified by the C≡C stretching frequency at 2037 cm -1, 
comparable to the υ(C≡C) observed at 2062 cm-1 in (C5Me5)2UIV[N(C6H5)2](C≡CC6H5)111, 2054 
cm-1 in UIV[N(CH2CH2NSiMe2tBu)3](C≡CC6H5)112 and 2056 cm-1 in (C5Me5)2UIV(C≡CC6H5)2.113 X-
ray characterization revealed 3.7-CCPh to be structurally similar to 3.7-Cl with a planar UN3 core 
(ΣN‒U‒N = 359.41(27) °) and three F→U distances at average of 2.641(2) Å (Figure 3.3.5). The 
U−C, C≡C bond lengths and U−C≡C angle were observed at 2.410(3) Å, 1.218(5) Å and 168.9(3) 
°, respectively. These metrics are consistent with the literature values for UIV‒C≡C linkages.111-117 
In C6D6 solution, the single 19F NMR resonance was observed at −506.8 ppm for 3.7-C≡CPh, 
significantly shifted (by 371 ppm) from free ligand. Similarly, treatment of NaOMe with 3.7-Cl in 
THF followed by recrystallization from hydrocarbon solvent led to the isolation of 3.7-OMe as red 
crystalline solids. Solid-state molecular structure of 3.7-OMe (Figure 3.3.6) revealed a seven-
coordinate UIV center with small deviations from 3.7-Cl and 3.7-CCPh. The U‒O bond length was 
at 2.044(4) Å, in the range of literature values for UIV‒OMe bond lengths from 2.0274(16) to 
2.058(4) Å.118-121 The U‒O‒C angle at 176.7(4) ° likely resulted from steric interaction of the –
 
 
Chapter 3 – Applications of C−F→Ln/An Interactions in Coordination Chemistry | 88 
 
 
OMe group with the bulky ‒SiMe3 groups aligned along the C3 axis. Reaction of 3.7-Cl with NaI in 
THF overnight also led to the formation of a minor (< 10%) new species identified by 1H NMR 
spectroscopy. The low conversion likely resulted from the low nucleophilicity of the I− anion. As 
such, this product was obtained through an alternative route. Salt metathesis reaction between 
NaN(SiMe3)(C6H4F) and in situ formed “UI4” (a combination of UI3(THF)3 with 0.5 equiv I2 in THF 
solution) led to the formation of a red compound, UIVI[N(SiMe3)(C6H4F)]3 (3.7-I). Only one F→U 
contact at 2.6102(12) Å was observed for 3.7-I in its solid-state molecular structure (Figure 3.3.7). 
Instead, two U‒Cipso interactions were found at 2.809 and 2.852 Å, respectively. The U‒I bond 
length was measured at 3.0226(3) Å, comparable to 2.9512(8) Å in UIVI[N(SiMe3)2]3 complex.77 A 
solution NMR spectrum of 3.7-I revealed a C3 symmetric solution geometry on the NMR 
timescale and a single fluorine resonance at −436.0 ppm. We also attempted to synthesize 
compounds bearing UIV−F bonds. However, our efforts to synthesize UIVF[N(SiMe3)(C6H4F)]3, 
through salt-metathesis reaction of 3.7-Cl with thallium(I) fluoride or fluorine atom abstraction with 
uranium(III) starting materials, all resulted in the formation of 3.8 as the major product. Similarly, 
the salt metathesis reactions of 3.7-Cl with alkylation reagent, such as NaCH2Ph also led to 3.8 
as the major product.  
 
 




Figure 3.3.3 Thermal ellipsoid plot of 3.7-Cl at the 30% probability level.Selected bond length (Å) 
and angles (deg):  U(1)−Cl(1) 2.6032(6), U(1)−N(1) 2.2761(19), U(1)−N(2) 2.2843(19), U(1)−N(3) 
2.2744(18), U(1)−F(1) 2.6319(13),  U(1)−F(2) 2.6038(13), U(1)−F(3) 2.5916(13); N(1)−U(1)−N(2) 
123.91(7), N(1)−U(1)−N(3) 117.47(7), N(2)−U(1)−N(3) 117.71(7), Cl(1)−U(1)−N(1) 93.63(5), 
Cl(1)−U(1)−N(2) 90.84(5), Cl(1)−U(1)−N(3) 95.10(5).  
 
Figure 3.3.4 Thermal ellipsoid plot of 3.8 at the 30% probability level. Selected bond length (Å) 
and angles (deg): U(1)−N(1) 2.3446(17), U(1)−N(2) 2.3513(18), U(1)−N(3) 2.2588(17), U(1)−N(4) 
2.3074(17), U(1)−F(1) 2.5409(12), U(1)−F(2) 2.5457(12); F(1)−U(1)−N(1) 66.76(5), 
F(2)−U(1)−N(2) 65.68(5), N(1)−U(1)−N(2) 99.13(6), N(1)−U(1)−N(3) 92.26(6), N(1)−U(1)−N(4) 








Figure 3.3.5 Thermal ellipsoid plot of 3.7-CCPh at the 30% probability level. Selected bond 
length (Å) and angles (deg): U(1)−N(1) 2.293(2), U(1)−N(2) 2.284(2), U(1)−N(3) 2.286(2), 
U(1)−F(1) 2.6120(17), U(1)−F(2) 2.6597(17), U(1)−F(3) 2.6498(17), U(1)−C(1) 2.410(3), 
C(1)−C(2) 1.218(5); N(1)−U(1)−N(2) 117.14(9), N(1)−U(1)−N(3) 120.53(9), N(2)−U(1)−N(3) 
121.74(9), C(2)−C(1)−U(1) 168.9(3). 
 
Figure 3.3.6 Thermal ellipsoid plot of 3.7-OMe at the 30% probability level. Selected bond length 
(Å) and angles (deg): U(1)−N(1) 2.321(4), U(1)−N(2) 2.326(4), U(1)−N(3) 2.325(4), U(1)−F(1) 
2.619(3), U(1)−F(2) 2.612(3), U(1)−F(3) 2.653(3), U(1)−O(1) 2.044(4); N(1)−U(1)−N(2) 








Figure 3.3.7 Thermal ellipsoid plot of 3.7-I at the 30% probability level. Selected bond length (Å) 
and angles (deg): U(1)−N(1) 2.2254(17), U(1)−N(2) 2.2657(17), U(1)−N(3) 2.1939(16), U(1)−I(1) 
3.0226(3), U(1)−F(2) 2.6102(12); N(1)−U(1)−N(2) 104.65(6), N(1)−U(1)−N(3) 129.63(6), 
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3.4 Lewis Acid Induced Silyl-migration Reactions with Fluorinated Amide Ligands. As a 
result of electron deficient pentafluorophenyl- group, the trimethylsilyl- group in −N(SiMe3)(C6F5) 
ligand becomes a good electrophile and readily migrates upon coordination of the ligand to a 
Lewis acidic metal center. In this section, we demonstrated the trimethylsilyl- group migration 
reactivity of −N(SiMe3)(C6F5) ligand with uranium and cerium complexes.  
3.4.1 Trimethylsilyl Migration for Isolation of Uranium Imido Complexes. Uranium-
nitrogen multiple bonding is a topic of significant interest,122,123 with landmark recent discoveries 
of molecular uranium-nitride complexes.100,124-127  There are now a number of examples of 
uranium mono-imido,90,93,128-146 bis-imido147-164 and tris-imido165-167 complexes. These imido 
species are prepared either through two electron oxidation of low valent uranium complexes with 
organic azides or through deprotonation of protonolysis reaction between uranium bis-alkyl 
complexes with primary amines. Herein, we demonstrated another method for formation of 
uranium imido complex through silyl-group migration. 
  Treatment of UI3(THF)4 with 3 equiv KN(SiMe3)(C6F5) followed by crystallization from 
hexanes consistently produced light red crystals identified as K(thf)UIV(=NC6F5)[N(SiMe3)(C6F5)]3 
(3.9) in 17% yield (Figure 3.4.1). The side-product formed in this reaction was a tertiary amine, 
N(SiMe3)2(C6F5), which was assigned by comparison of the 1H and 19F NMR spectra with the 
known compound.70 Thus, the formation of 3.9 is likely the result of elimination of N(SiMe3)2(C6F5) 
accompanied by one-electron oxidation of the metal center through disproportionation of a UIII 
intermediate.71,72 Formation of a uranium-imido complex through loss of a trimethylsilyl- moiety 
was observed in one previous instance, where treatment of [U[N(SiMe3)2]2Cl2]2 with KC8 led to 
isolation of [U(=NSiMe3)[N(SiMe3)2]2(μ-Cl)]2 from a mixture of products.73 Compound 3.9 was 
unstable in solution and thus was only isolated in poor yield. This instability is due to further 
reactions accompanied by loss of N(SiMe3)2(C6F5) equivalents; in one instance we were able to 
identify a uranium(V) bis-imido side product through addition of 18-crown-6, {K(18-crown-
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6)(thf)2}{UV(=NC6F5)2[N(SiMe3)(C6F5)]3(thf)2} (3.10, Figure 3.4.3), though the low yield of this 
product prevented full characterization. 
 
Figure 3.4.1 Synthesis of 3.9 and 3.10. 
 
  We attempted to silylate the imido group in 3.9 to form the homoleptic tetrakis(amide) 
UIV[N(SiMe3)(C6F5)]4 (3.11). As a basis for comparison, the synthesis of 3.11 was carried out 
directly from the reaction of UI4(OEt2)2 with 4 equiv KN(SiMe3)(C6F5). Addition of Me3Si−I to 3.9 
produced 3.11 as a minor product, with significant amounts of as yet uncharacterized side 
products, limiting the utility of this reaction. Use of the more potent electrophile Me3SiOTf resulted 
in decomposition to a mixture of unidentified products. 
 
Figure 3.4.2 Thermal ellipsoid plot of 3.9 at the 30% probability level. Selected bond length (Å) 
and angles (deg): U(1)–N(1) 2.031(4), U(1)–N(2) 2.306(4), U(1)–N(3) 2.325(4), U(1)–N(4) 
2.281(4); N(1)–U(1)–N(2) 104.29(14), N(1)–U(1)–N(3) 106.69(14), N(1)–U(1)–N(4) 97.51(14), 
N(2)–U(1)–N(3) 123.08(13), N(3)–U(1)–N(4) 106.75(13). 
 
 





Figure 3.4.3 Thermal ellipsoid plot of 3.10 at the 30% probability level. The [K(18-crown-6)(thf)2]+ 
cations are omitted for clarity. Selected bond length (Å) and angles (deg): U(1)–N(1) 2.378(3), 




Figure 3.4.4 Thermal ellipsoid plot of 3.11 at the 30% probability level. Selected bond length (Å) 
and angles (deg): U(1)–N(1) 2.271(5), U(1)–N(2) 2.263(5), U(1)–N(3) 2.284 (5), U(1)–N(4) 
2.265(5); N(1)–U(1)–N(2) 103.31(18), N(1)–U(1)–N(3) 117.91(16), N(1)–U(1)–N(4) 102.70(17), 
N(2)–U(1)–N(3) 104.34(17), N(3)–U(1)–N(4) 102.79(17). 
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3.4.2 Insertion, Silyl-migration and De-insertion of Heteroallenes with a Homoleptic 
Cerium(III) Amide. Lanthanide amides are widely used as protonlysis precusors.168 They 
have also been shown to be effective catalysts for ring-closure hydro-amination reactions through 
the initial protonalysis of Ln−N bonds with acidic substrates.169-176 Their reactivity toward small 
molecules has also been demonstrated through one-electron oxidations.177-180 Lappert and co-
workers showed the reactivity of homoleptic cerium(III) amides toward molecular oxygen to form 
the first homoleptic Ce(IV) amide, Ce[N(C6H11)2]4,177 and oxo-, peroxo-bridged complexes;178 The 
Evans group have developed reductive activation chemistry of N2 with LnII amides.179,180 The 
insertion chemistry of heteroallenes into Ln−N bonds has also been reported with CS2,181,182 
CO2,183 carbodiimide,184-202 isocyanate182,184,185,203-205  and isothiocyanate.181,182,186,187,204  
Herein, we focused on the insertion reactions of a homoleptic CeIII amide, 
Ce[N(SiMe3)(C6F5)]3 with heteroallenes, E1=C=E2 (E1, E2 = O, S, NR), including carbon disulfide, 
carbodiimide, carbon dioxide, isocyanate and isothiocyanate. We found that with different type of 
heteroatom substrates, the reactions resulted in distinct products, featuring three consecutive 
stages along one reaction pathway (Figure 3.4.5). These stages included (1) initial substrate 
insertion into the Ce−N bond, (2) trimethylsilyl- group migration to a more electron-rich 
heteroatom, (3) the de-insertion reaction to eliminate carbodiimide (from isocyanate) or 
isocyanate (from CO2).   
 
Figure 3.4.5 Generic representation of three stages reactions between Ce[N(SiMe3)(C6F5)]3 and 
E=C=E type of molecules (E = S, NR, O). 
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Reaction of Ce[N(SiMe3)(C6F5)]3 with excess CS2 in toluene at ambient temperature 
overnight led to an orange solution. The 1H and 19F NMR spectra of a reaction aliquot in C6D6 
showed complete conversion into a C3 symmetric ligand environment with broad 1H and 19F 
resonances. In order to facilitate crystallization, 2 equiv of O=PPh3 were added, resulting in the 
isolation of colorless crystals of Ce[κ2-S2CN(SiMe3)(C6F5)]3(O=PPh3)2 (3.12, Figure 3.4.7) in 79 % 
yield. The average Ce‒S, C‒S and C‒N bond lengths were at 2.9852(10), 1.705(4), 1.372(6) Å, 
respectively, consistent with reported bond metrics in Ce[κ2-S2CNMe2]3(thf)2,206 at 2.9507(7), 
1.719(2) and 1.337(4) Å. The infrared spectrum of 3.12 displayed four strong absorption features 
at 1503, 1147, 1071 and 987 cm-1, assignable to C−N stretching, symmetric and asymmetric 
stretching of C−S bonds, P=O stretching. The C−S stretching frequencies were in good 
agreement with the symmetric and asymmetric C−S stretching frequencies reported for 
(CH3C5H4)2Yb(κ2-S2CNPh2) at 1157 and 1048 cm-1,181 confirming the dithiocabamate structural 
moiety. 
 








Figure 3.4.7 Thermal ellipsoid plot of 3.12 at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)‒O(1) 2.369(3), Ce(1)‒O(2) 2.370(2), Ce(1)‒S(1) 3.0340(8), Ce(1)‒S(2) 
2.9506(10), Ce(1)‒S(3) 3.0083 (8), Ce(1)‒S(4) 2.9915(9), Ce(1)‒S(5) 2.9390(9), Ce(1)‒S(6) 
2.9882(9); S(1)‒Ce(1)‒S(2) 59.65(2), S(3)‒Ce(1)‒S(4) 59.12(3), S(5)‒Ce(1)‒S(6) 60.37(2). 
 
In contrast, the reaction of Ce[N(SiMe3)(C6F5)]3 with excess N,N'−diisopropylcarbodiimide 
(iPr−N=C=N−iPr) in toluene at ambient temperature overnight afforded an unexpected product 
CeIII{(NiPr)(NC6F5)C[N(SiMe3)iPr]}3 (3.13, Figure 3.4.8) as yellow crystals in 81 % yield after 
recrystallization from n-pentane. The presence of guanidinate moiety was further confirmed by 
observation of strong C−N stretching bands at 1496 and 1470 cm-1. A feasible pathway for the 
formation of 3.13 would involve initial insertion of N,N'−diisopropylcarbodiimide into Ce−N bond 
followed by the migration of trimethylsilyl- groups to the more electron rich nitrogen atom. Such 
silyl- group migration reactions upon insertion of cabodiimides have been previously 
observed207,208 for [N(CH2CH2NSiMe3)3]Zr(NHR)207 (R = tBu, C6H5) and group IA metallated 2-
(trimethylsilyl)aminopyridine208, but have not been reported with f-block elements complexes. 
Treatment of 3.13 with pyridine hydrochloride led to the formation of  (NHiPr)2C=N(C6F5), 
identified by NMR spectroscopy.209 In addition, no reaction was observed between 
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(tBu2bipy)Ce[N(SiMe3)(C6F5)]3 (3.6) and N,N'−diisopropylcarbodiimide. This result suggested that 
the coordination of N,N'−diisopropylcarbodiimide to Ce3+ cation is likely the first step of the 
insertion reaction.  
 
Figure 3.4.8 Thermal ellipsoid plot of 3.13 at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)−N(1) 2.497(3), Ce(1)−N(2) 2.440(3), Ce(1)−N(4) 2.488(3), Ce(1)−N(5) 
2.506(3), Ce(1)−N(7) 2.454(3), Ce(1)−N(8) 2.494(3); N(1)−Ce(1)−N(2) 53.83(12), 
N(4)−Ce(1)−N(5) 53.05(9), N(7)−Ce(1)−N(8) 53.57(11). 
 
The 19F NMR spectrum of 3.13 demonstrated three sets of broad ortho-F resonances at −154.7, 
−155.0, −158.3 ppm (Figure 3.4.9), suggesting inequivalent chemical environment for all three 
ligands. Based on the X-ray molecular structure of 3.13, the metal surrounding is highly 
congested resulting from the steric factors of –C6F5 and –iPr groups. This steric hindrance at the 
metal center was also implied through the coalescence of resonances at elevated temperature (~ 
365 K) in variable temperature 1H and 19F NMR spectroscopy (Figure 3.4.9). At 380 K, three 19F 
resonances were observed, assignable to ortho-, meta- and para- fluorine atoms of the 
pentafluorophenyl group. Such compounds with highly congested metal coordination environment 
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are synthetically challenging for f-block elements with low denticity ligand180,210 since their 
formation is kinetically disfavored.   
 
Figure 3.4.9 19F NMR of 3.13 in toluene-d8 at 300 K and 380 K. 
 
 The de-insertion reaction was exemplified through the reaction of Ce[N(SiMe3)(C6F5)]3 
with excess CO2. Reaction of Ce[N(SiMe3)(C6F5)]3 with CO2 in C6D6 led to the formation of gel-
like solids. No 19F NMR resonance was detected in the resulting clear solution. However, upon 
addition of water into reaction mixture, C6F5NH2, hydrolysis product of corresponding isocyanate 
was observed in crude NMR. Stirring a THF solution of Ce[N(SiMe3)(C6F5)]3 under 1 atm of CO2 
overnight led to a colorless solution and white precipitates. Three diamagnetic resonances at 
−144.5, −159.6 and −164.8 ppm were observed in 19F NMR spectra of supernatant. Gas 
chromatography/mass spectrometry (GC-MS) analysis confirmed the product as 1-
pentafluorophenyl isocyanate, C6F5−N=C=O. The formation of C6F5−N=C=O was rationalized as 
the result of de-insertion reaction to eliminate isocyanate driven by the oxo-philicity of Ce3+ cation 
following the insertion reaction of CO2 into Ce−N bond and migration of –SiMe3 to one of the 
oxygen atoms. Sita and co-workers have observed similar isocyanate formation by reacting oxo-
philic group IV amides, M[N(SiMe3)2]2 (M = Sn or Ge) with CO2, where the byproduct was 
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identified as [M(OSiMe3)2]2 species.211 The resulting [M(OSiMe3)2]2 was also shown to readily 
form oxo-bridged clusters, Sn6(μ3-O)4(μ3-OSiMe3)4 with concomitant loss of (SiMe3)2O upon 
heating.212 In our case, the reaction was expected to produce aggregates of “Ce(OSiMe3)3”. The 
corresponding CeIII aggregates were not isolated, mostly likely due to their complicated 
oligomerization process and the potential to lose (Me3Si)2O. 
 We also investigated the reactions of Ce[N(SiMe3)(C6F5)]3 with unsymmetric heteroatom 
substrates, including isocyanates and isothiocyanates. Reaction of 3 equiv 1-admantylisocyanate 
(Ad−N=C=O) with Ce[N(SiMe3)(C6F5)]3 resulted in near quantitative formation of 
Ad−N=C=N−C6F5. The identity of carbodiimide product was also confirmed by the intense 
absorption bands at 2156 cm-1 observed in its infrared spectrum. This assignment was further 
confirmed by high-resolution mass spectroscopy (HRMS) and 13C NMR spectroscopy. Similarly, 
reaction of 3 equiv 1-admantyl-isothiocyanate (Ad−N=C=S) with Ce[N(SiMe3)(C6F5)]3 in toluene 
overnight led to the isolation of Ad−N=C=N−C6F5 in 51 % yield. 
 In this chapter, we demonstrated the displacement of C−F→Ln/An interactions with σ- 
and π- donor molecules leading to the isolation of η6-arene adduct and κ2-18-crown-6 adduct of 
Ce3+ cations. In addition, we showed the C−F→Ln/An interactions could be used to direct the 
coordination geometry of UIV complexes. For a particular ligand, −N(SiMe3)(C6F5), silyl- group 
migration reactivity was noted for uranium and cerium complexes. We offer that the incorporation 
of C−F→Ln/An interactions into ligand design will open new venues for f-block element 
chemistry.  
3.5 Experimental 
3.5.1 General Methods. Unless otherwise indicated all reactions and manipulations were 
performed under an inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum 
Atmospheres, Inc. Nexus II drybox equipped with a molecular sieves 13X / Q5 Cu-0226S catalyst 
purifier system. Glassware was oven-dried overnight at 150 °C prior to use. 1H, 19F and 13C NMR 
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spectra were obtained at 300 K on a Bruker DMX-300 Fourier transform NMR spectrometer 
operating at a 1H frequency of 300 MHz. Chemical shifts were recorded in units of parts per 
million referenced against residual proteo solvent peaks (1H), deteuro solvent peaks (13C) or 
fluorobenzene (19F, −113.15 ppm). 1H EXSY experiments were collected at room temperature on 
Bruker UNI-400 Fourier transform NMR spectrometer operating at 1H frequency of 400 MHz over 
a range of mix times (0, 10, 25, 50, 100, 200 ms). The infrared spectra were obtained from 
400−4000 cm−1 using a Perkin-Elmer 1600 series infrared spectrometer. Elemental analyses 
were performed at the University of California, Berkeley, Microanalytical Facility using a Perkin-
Elmer Series II 2400 CHNS analyzer. High resolution mass spectrometry (HRMS) data were 
collected on a Waters LC-TOF mass spectrometer (model LCT-XE Premier) using electrospray 
ionization (ESI) in positive or negative mode, depending on the analyte. Solution UV-Vis-Near-IR 
spectra were collected on a PerkinElmer Lambda 950 UV/VIS/NIR Spectrometer at 
concentrations of ~30 mM.  
3.5.2 Materials. Tetrahydrofuran, diethyl ether, fluorobenzene, hexanes, and n-pentane were 
purchased from Fisher Scientific. The solvents were sparged for 20 min with N2 and dried using a 
commercial two-column solvent purification system comprising columns packed with Q5 reactant 
and one with neutral alumina (for hexanes and n-pentane), or two columns of neutral alumina (for 
THF, Et2O and fluorobenzene). Deuterated solvents were purchased from Cambridge Isotope 
Laboratories, Inc. and stored over molecular sieves overnight prior to use. UI3, UCl4, 
Ce[N(SiMe3)]3 and La[N(SiMe3)2]3 were prepared following published procedures.7,213,214 
Decafluorodiphenylamine, N-trimethylsilylpentafluoroaniline and N-trimethylsilyl-2-fluoroaniline 
were prepared according to reported procedures.215,216 
3.5.3 X-Ray Crystallography. X-ray reflection intensity data were collected on a Bruker 
APEXII CCD area detector employing graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) 
at a temperature of 143(1) K. In all cases, rotation frames were integrated using SAINT,217 
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producing a listing of unaveraged F2 and σ(F2) values which were then passed to the 
SHELXTL218 program package for further processing and structure solution on a Dell Pentium 4 
computer. The intensity data were corrected for Lorentz and polarization effects and for 
absorption using TWINABS219 or SADABS.220 The structures were solved by direct methods 
(SHELXS-97).221 Refinement was by full-matrix least squares based on F2 using SHELXL-97.221 
All reflections were used during refinements. The weighting scheme used was w = 1/[σ2(Fo2)+ 
(0.0907P)2 + 0.3133P], where P = (Fo2 + 2Fc2)/3. Non-hydrogen atoms were refined 
anisotropically, and hydrogen atoms were refined using a riding model. 
3.5.4 Computational Methods. Electronic structure calculations were carried out on Gaussian 
09 Rev. A.02.222 The B3LYP hybrid DFT method was employed, with a 28-electron small core 
pseudopotential on cerium with published segmented natural orbital basis set incorporating quasi-
relativistic effects,223-226 and the 6-31G* basis set for all other atoms. Geometry optimizations 
were carried out starting from the coordinates of the crystal structure. The spin state was 
constrained as doublet for the CeIII. Frequency calculations were performed to indicate that the 
geometry was the minimum energy. Molecular orbitals were rendered with the program 
Chemcraft v1.6.223 Mayer bond orders and atomic orbital contributions to individual molecular 
orbitals were calculated using Gaussian ‘09 with keyword IOp(6/80=1) as well as the AOMix 
program227 through fragment molecular orbital analysis. 
3.5.5 (Et2O)2CeIII[N(C6F5)2]3 (3.1-Et2O). CeIII[N(C6F5)2]3 was dissolved in Et2O and stirred for 30 
min. The solvent was removed under reduced pressure to give white solids of 
(Et2O)2CeIII[N(C6F5)2]3 in quantitative yield. 1H NMR (C6D6) δ: 3.16 (br, −CH2), 0.44 (br, −CH3). 19F 
NMR (C6D6) δ: −162.67 (d, 12F, m-F, J = 20 Hz), −165.90 (t, 6F, p-F, J = 23 Hz), −183.27 (br, 
12F, o-F, FWHM 280 Hz). Elemental analysis found (calculated) for C36N3F30Ce·C4H10O: C, 37.8 
(38.17); H, 0.77 (0.80); N, 3.42 (3.34). Single crystals suitable for X-ray analysis were obtained 
from slow evaporation of an Et2O solution of (Et2O)2CeIII[N(C6F5)2]3.  
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3.5.6 (PhOMe)CeIII[N(C6F5)2]3 (3.1-PhOMe). CeIII[N(C6F5)2]3 (0.12 g, 0.10 mmol) was weighed 
into a 20 mL vial, and 2 mL of anisole was added. The mixture was heated until the solution 
become clear. The solution was allowed to cool to room temperature, yielding colorless crystals. 
The mixture was then stored at −35 °C for 14 h to induce further crystallization of the product. 
The colorless crystals were collected by vacuum filtration over a coarse porosity fritted filter and 
dried under reduced pressure for 3 h. Yield: 0.08 g, 0.06 mmol, 62%. 1H NMR (toluene-d8) δ: 6.68 
(br, 2H, m-H), 6.54 (t, 1H, p-H, J = 6 Hz), 5.68 (br, 2H, o-H), 1.60 (br, 3H, −OCH3). 19F NMR 
(toluene-d8) δ: −164.45 (d, 12F, m-F, J = 23 Hz), −166.82 (t, 6F, p-F, J = 23 Hz), −182.85 (br, 
12F, o-F, FWHM 265 Hz). Single crystals suitable for X-ray analysis were grown in the same 
manner. Elemental analysis found (calculated) for C36N3F30Ce·C7H8O: C, 39.55 (39.96); H, 0.52 
(0.62); N, 3.67 (3.25). 
3.5.7 NaN(C6F5)2(Et2O). HN(C6F5)2 (2.09 g, 6.00 mmol) was weighed into a 20 mL scintillation 
vial, and 5 mL of Et2O was added. To this stirred solution was added slowly NaH (0.22 g, 9.00 
mmol) suspended in 10 mL of Et2O, resulting in bubble formation. This solution was stirred for 3 h 
and then filtered through Celite packed on a coarse porosity fritted filter. The volatiles were 
removed under reduced pressure and the resulting white solids were redissolved in ∼5 mL of 
Et2O. Storage of this solution at −35 °C for 1 week resulted in the formation of white crystalline 
product. The crystals were collected by filtration over a medium porosity fritted filter. Yield: 1.92 g, 
4.30 mmol, 72%. An X-ray diffraction quality single crystal was obtained from the cold Et2O 
solution. 19F NMR (pyridine-d5) δ: −161.33 (dd, 4F, o-F, J1 = 20 Hz, J2 = 11 Hz), −170.03 (t, 4F, 
m-F, J = 23 Hz), −184.07 (m, 2F, p-F). 
3.5.8 [Na(Et2O)4]{CeIII[N(C6F5)2]4} (3.3). 
3.5.8.1 From CeIII[N(C6F5)2]3. NaN(C6F5)2(Et2O) (0.09 g, 0.20 mmol) was added to an 
Et2O solution of CeIII[N(C6F5)2]3 (0.24 g, 0.20 mmol). This clear solution was stirred for 3 h, 
concentrated, and stored at −35 °C to yield colorless crystals. The crystals were collected by 
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filtration over a medium porosity fritted filter and dried under reduced pressure for 3 h. Yield: 0.20 
g, 0.11 mmol, 55%. Single crystals suitable for X-ray analysis were similarly obtained from cold 
Et2O solutions. 19F NMR (Et2O) δ: −166.88 (d, 16F, m-F, J = 20 Hz), −171.69 (t, 8F, p-F, J = 23 
Hz), −180.84 (br, 16F, o-F, FWHM 192 Hz). Elemental analysis found (calculated) for 
C64H40CeN4F40NaO4: C, 41.04 (41.50); H, 1.82 (2.18); N, 3.16 (3.03).  
3.5.8.2 From CeIIII3. NaN(C6F5)2(Et2O) (0.13 g, 0.30 mmol) was added to an Et2O 
suspension of CeIIII3 (0.05 g, 0.10 mmol). The slurry was stirred for 3 h and filtered through a 
Celite-packed in a pipette filter. After removal of volatiles under reduced pressure, the resulting 
white solids were collected on a medium porosity fritted filter, washed with hexanes, and dried 
under reduce pressure. Yield: 0.12 g, 0.06 mmol, 84%. 
3.5.9 (η4-toluene)CeIII[N(C6F5)2]3 (3.3-tol). CeIII[N(C6F5)2]3 (0.12 g, 0.10 mmol) was suspended 
in 3 mL of toluene. The mixture was heated until the solution become clear and was allowed to 
cool to room temperature, yielding colorless crystals of (η4-toluene)CeIII[N(C6F5)2]3. The crystals 
were collected by filtration over a medium porosity fritted filter and dried under reduced pressure 
for 3 h. Yield: 0.10 g, 0.08 mmol, 82%. Elemental analysis found (calculated) for 
C36N3F30Ce·C7H8: C, 40.79 (40.46); H, 0.73 (0.63); N, 3.53 (3.29). 19F and 1H NMR (C6D6, 300 
MHz, 300 K) showed only complex CeIII[N(C6F5)2]3 and free toluene. 
3.5.10 (η6-mesitylene)CeIII[N(C6F5)2]3 (3.3-mes). CeIII[N(C6F5)2]3 (0.12 g, 0.10 mmol) was 
suspended in 2 mL of mesitylene. The mixture was heated until the solution became clear and 
allowed to cool to room tempertature, yielding colorless crystals of (η6-mesitylene)CeIII[N(C6F5)2]3. 
The crystals were collected by filtration over a medium porosity fritted filter and dried under 
reduced pressure for 5 h. Yield: 0.09 g, 0.07 mmol, 68%. Elemental analysis found (calculated) 
for C36N3F30Ce·C9H12: C, 41.6 (41.43); H, 0.97 (0.93); N, 3.66 (3.22). 19F and 1H NMR (C6D6, 300 
MHz, 300 K) showed only complex CeIII[N(C6F5)2]3 and free mesitylene. 
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3.5.11 KN(SiMe3)(C6F5). To a 20 mL colorless diethyl ether solution containing HN(SiMe3)(C6F5) 
(2.530 g, 9.9 mmol, 1.00 equiv) in a 150 mL flask, a diethyl ether solution containing KN(SiMe3)2 
(1.970 g, 9.9 mmol, 1.00 equiv) was added. The mixture turned slightly yellow and was stirred for 
4 h. After removal of volatiles under reduced pressure, the resulting white solid were collected by 
filtration over medium porosity fritted filter and washed with 5 mL n-pentane three times. Drying 
for 3 h under reduced pressure yielded white powder identified by 1H NMR as KN(SiMe3)(C6F5) 
without solvation. Yield: 2.750 g, 9.4 mmol, 95 %. 1H NMR (pyridine-d5): δ 0.49 (s, 9H, −SiMe3). 
19F NMR (pyridine-d5): δ –164.67 (t, 2F, o-F, J = 17 Hz), –171.66 (t, 2F, m-F, J = 23 Hz), –195.08 
(m, 2F, p-F). Elemental analysis found (calculated) for C9H9F5NSiK: C, 36.82 (36.85), H, 3.12 
(3.09), N, 5.00 (4.77). Single crystals of KN(SiMe3)(C6F5)·Et2O suitable for X-ray analysis were 
obtained from Et2O/n-pentane. 
3.5.12 (κ2-18-crown-6)CeIII[N(SiMe3)(C6F5)]3 (3.4). To a vial containing CeIII[N(SiMe3)(C6F5)]3 
(0.045 g, 0.050 mmol, 1.00 equiv) suspended in 5 mL n-pentane, a 1 mL n-pentane solution 
containing 18-crown-6 (0.013 g, 0.050 mmol, 1.00 equiv) was added. After stirring for 0.5 h, the 
mixture was filtered through Celite packed in a pipette, concentrated to 1 mL and stored at –21 
°C overnight to yield colorless crystals. The crystals were collected by a filtration over a medium 
porosity fritted filter and dried under reduced pressure. Crystalline yield: 0.040 g, 0.034 mmol, 69 
%. 1H NMR (toluene-d8): –1.30 (br, 24H, 18-crown-6), –4.22 (s, 27H, −SiMe3). 19F NMR (toluene-
d8): –151.80 (br, 6F, o-F, FWHM 105 Hz), –163.76 (d, 6F, m-F, J = 17 Hz), –168.42 (t, 3F, p-F, J 
= 20 Hz). Elemental analysis found (calculated) for C39H51F15N3Si3O6Ce: C, 39.80 (40.13), H, 4.24 
(4.40), N, 3.57 (3.60). Single crystals suitable for X-ray analysis were obtained by storing an n-
pentane solution at –21°C overnight. The same reaction performed on NMR scale (i.e. 0.014 g 
CeIII[N(SiMe3)(C6F5)]3) in toluene or Et2O with addition of 18-crown-6 in corresponding solvent 
dropwise (1 mL in ~30 s) resulted in near quantitative conversion to (κ2-18-crown-
6)CeIII[N(SiMe3)(C6F5)]3 by 19F NMR spectroscopy after stirring for 0.5 h. 
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3.5.13 {CeIII(κ6-18-crown-6)[N(SiMe3)(C6F5)]2}{CeIII[N(SiMe3)(C6F5)]4} (3.5). To a vial containing 
CeIII[N(SiMe3)(C6F5)]3 (0.27 g, 0.30 mmol, 2.0 equiv) dissolved in 2 mL THF, a THF solution 
containing 18-crown-6 (0.040 g, 0.15 mmol, 1.0 equiv) was added. After stirring for 3 h, the 
conversion to product was near quantitative, as indicated by 19F NMR spectroscopy. The volatiles 
were removed under reduced pressure. The solid residue was triturated with n-pentane and 
collected by filtration over a medium porosity fritted filter. The white solids were further washed 
with 3 × 3 mL n-pentane and dried under reduced pressure for 1 h. Yield: 0.30 g, 0.15 mmol, 
97%. 1H NMR (THF-h8): δ 5.92 (s, 18H, −SiMe3cation), –3.54 (s, 24H, 18-crown-6), – 5.32 (s, 36H, 
−SiMe3anion). 19F NMR (THF-d8): δ –141.08 (d, 4F, o-Fcation, J = 21 Hz), –166.11 (t, 4F, m-Fcation, J 
= 20 Hz), –167.06 (br, 8F, o-Fanion), –166.90 (d, 8F, m-Fanion, J = 23 Hz), –167.77 (t, 2F, p-Fcation, J 
= 23 Hz), –175.21 (t, 4F, p-Fanion, J = 20 Hz). Elemental analysis found (calculated) for 
C66H78F30N6Si6O6Ce2: C, 38.13 (38.29), H, 3.83 (3.80), N, 4.09 (4.06). Single crystals suitable for 
X-ray analysis were obtained by THF/n-pentane layering stored at –21 °C. The same reaction 
performed on NMR scale in dimethoxyethane, dichloromethane or pyridine similarly gave near 
quantitative conversion to {CeIII(κ6-18-crown-6)[N(SiMe3)(C6F5)]2}{CeIII[N(SiMe3)(C6F5)]4}.  
3.5.14 (κ2-tBu2bipy)CeIII[N(SiMe3)(C6F5)]3 (3.6). To a vial containing CeIII[N(SiMe3)(C6F5)]3 
(0.045g, 0.050 mmol, 1.00 equiv) dissolved in suspended in 2 mL n-pentane, a 1 mL n-pentane 
solution containing 4,4ʹ-di-tert-butyl-2,2ʹ-dipyridyl (0.013 g, 0.050 mmol, 1.00 equiv) was added 
resulting in an orange clear solution. After stirring for 0.5 h, the solution was concentrated to 1 mL 
and stored at –21 °C overnight to yield orange crystals. The orange crystals were collected by 
filtration over a medium porosity fritted filter and dried under reduced pressure. Crystalline yield: 
0.050 g, 0.043 mmol, 86 %. 1H NMR (C6D6): 19.50 (br, 2H, −Ar), 7.83 (s, 2H, −Ar), 3.68 (s, 2H, 
−Ar), 0.20 (s, 18H, −tBu), –3.69 (s, 27H, −SiMe3). 19F NMR (toluene-d8): –162.55 (br, 6F, o-F, 
FWHM 130 Hz), –166.04 (d, 6F, m-F, J = 23 Hz), –171.50 (t, 3F, p-F, J = 23 Hz). Elemental 
analysis found (calculated) for C45H51F15N5Si3Ce: C, 46.07 (46.15), H, 4.21 (4.39), N, 5.77 (5.98). 
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Single crystals suitable for X-ray analysis were obtained by storing an n-pentane solution of (κ2-
tBu2bipy)CeIII[N(SiMe3)(C6F5)]3 at –21°C. 
3.5.15 NaN(SiMe3)(C6H4F). To a 5 mL colorless diethyl ether solution containing 
HN(SiMe3)(C6H4F) (1.10 g, 6.0 mmol, 1.00 equiv) in a 20 mL vial, a diethyl ether solution 
containing NaN(SiMe3)2 (1.10 g, 6.0 mmol, 1.00 equiv) was added. The mixture was stirred for 3 
h. After removal of volatiles under reduced pressure, the resulting white solid were collected over 
medium porosity fritted filter and washed with 5 mL n-pentane three times. Drying for 3 h under 
reduced pressure afforded white powder identified by 1H NMR as NaN(SiMe3)(C6H4F) without 
solvation. Yield: 1.15 g, 5.6 mmol, 93 %. 1H NMR (pyridine-d5): δ 7.3-7.0 (m, 2H, −Ar), 6.25 (m, 
1H, −Ar), 0.42 (s, 9H, −SiMe3). 19F NMR (pyridine-d5): δ –141.20 (s, 1F, o-F). Elemental analysis 
found (calculated) for C9H13FNSiNa: C, 52.75 (52.66), H, 6.47 (6.38), N, 6.98 (6.82).  
3.5.16 UIVCl[N(SiMe3)(C6H4F)]3 (3.7-Cl). To a vial containing UCl4 (0.076 g, 0.20 mmol, 1.00 
equiv) dissolved in 2 mL THF, a 2 mL THF solution containing NaN(SiMe3)(C6H4F) (0.123 g, 0.60 
mmol, 3.00 equiv) was added leading to a green slurry. After stirring for 16 h, the volatiles were 
removed under reduced pressure. Resulting mixture was then extracted with 3 mL n-pentane and 
filtered through Celite packed on a coarse porosity fritted filter. The red filtrate was concentrated 
to 1 mL and store at −21 °C  overnight to yield red solids. The solids were collected on a medium 
porosity fritted filter and dried under reduced vacuum for 1 h. Yield: 0.133 g, 0.16 mmol, 81%. 1H 
NMR (C6D6): δ 11.44 (d, 3H, J = 5.7 Hz, −Ar), 7.45 (s, 27H, −SiMe3), 5.56 (t, 3H, J = 6.8 Hz, −Ar), 
0.45 (t, 3H, J = 7.7 Hz, −Ar), −3.99 (d, 3H, J = 7.8 Hz, −Ar). 19F NMR (C6D6): δ −478.29 (br, 3F, 
FWHM = 370 Hz). Elemental analysis found (calculated) for C27H39ClF3N3Si3U: C, 39.24 (39.53), 
H, 4.74 (4.79), N, 4.96 (5.12). Single crystals suitable for X-ray analysis were obtained by storing 
an n-pentane solution at –21 °C overnight.  
3.5.17 UIV(CCPh)[N(SiMe3)(C6H4F)]3 (3.7-CCPh). To a vial containing UCl[N(SiMe3)(C6H4F)]3 
(0.082 g, 0.10 mmol, 1.00 equiv) dissolved in 2 mL THF, a 2 mL THF solution containing 
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NaCCPh (0.012 g, 0.10 mmol, 1.00 equiv) was added leading to a red solution. After stirring for 
16 h, the volatiles were removed under reduced vacuum. Resulting mixture was then extracted 
with 5 mL n-pentane and filtered through Celite packed on a coarse porosity fritted filter. The red 
filtrate was concentrated to 1 mL and store at −21 °C  overnight to yield red solids. The solids 
were collected on a medium porosity fritted filter and dried under reduced vacuum for 1 h. Yield: 
0.035 g, 0.040 mmol, 40%. 1H NMR (C6D6): δ 15.96 (d, 3H, J = 6.6 Hz, −Ar), 8.38 (t, 3H, J = 7.5 
Hz, −Ar), 4.15 (s, 27H, −SiMe3), 2.03 (t, 2H, J = 7.5 Hz, −Ph), 1.94 (t, 3H, J = 7.5 Hz, −Ar), -1.83 
(d, 2H, J = 9.0 Hz, −Ph), −2.18 (d, 1H, J = 6.0 Hz, −Ar), −11.41 (d, 2H, −Ph). 19F NMR (C6D6): δ 
−506.80 (br, 3F, FWHM = 235 Hz). Elemental analysis found (calculated) for C35H44F3N3Si3U: C, 
47.27 (47.45), H, 5.13 (5.01), N, 4.69 (4.74). Single crystals suitable for X-ray analysis were 
obtained by storing a hexanes solution at –21 °C overnight.  
3.5.18 UIV(OMe)[N(SiMe3)(C6H4F)]3 (3.7-OMe). To a vial containing UCl[N(SiMe3)(C6H4F)]3 
(0.164 g, 0.20 mmol, 1.00 equiv) dissolved in 2 mL THF, a 2 mL THF solution containing NaOMe 
(0.011 g, 0.20 mmol, 1.00 equiv) was added leading to a green solution. After stirring for 6 h, the 
volatiles were removed under reduced vacuum. Resulting mixture was then extracted with 5 mL 
hexanes and filtered through Celite packed on a coarse porosity fritted filter. The red filtrate was 
concentrated to 1 mL and store at −21 °C  overnight to yield orange solids. The solids were 
collected on a medium porosity fritted filter and dried under reduced vacuum for 1 h. Yield: 0.065 
g, 0.080 mmol, 40%. 1H NMR (C6D6): δ 12.56 (s, 3 H), 4.10 (d, 3H, J = 6.1 Hz), 0.87 (s, 3H), 0.81 
(s, 3H), −12.03 (d, 3H, J = 6.8 Hz), −14.69 (s, 27 H, −SiMe3). 19F NMR (C6D6): δ unidentified. 
Elemental analysis found (calculated) for C28H42F3N3OSi3U: C, 41.15 (41.22), H, 5.03 (5.19), N, 
5.10 (5.15). Single crystals suitable for X-ray analysis were obtained by storing a hexanes 
solution at –21 °C overnight.  
3.5.19 UIVI[N(SiMe3)(C6H4F)]3 (3.7-I). To a vial containing UI3(thf)4 (0.091 g, 0.10 mmol, 1.00 
equiv) dissolved in 2 mL THF, a 1 mL THF solution containing I2 (0.013 g, 0.05 mmol, 0.50 equiv) 
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was added leading to a red solution. After stirring for 5 min, a 2 mL THF solution containing 
NaN(SiMe3)(C6H4F) (0.062 g, 0.30 mmol, 3.00 equiv) was added resulting in a green slurry. After 
stirring for 3 h, volatiles were removed under reduced pressure. The resulting mixture was 
extracted with 3 mL n-pentane and filtered through Celite packed in a pippet filter. The red filtrate 
was concentrated to 1 mL and stored at −21 °C to yield red solids. The solids were collected on a 
medium porosity fritted filter and dried under reduced pressure for 1 h. Yield: 0.049 g, 0.054 
mmol, 54%. 1H NMR (C6D6): δ 11.79 (s, 27H, −SiMe3), 6.79 (br, 3H, −Ar), 2.34 (t, 3H, J = 7.5 Hz, 
−Ar), −1.91 (t, 3H, J = 7.5 Hz, −Ar), −6.03 (d, 3H, J = 9.0 Hz, −Ar). 19F NMR (C6D6): δ −435.98 
(br, 3F, FWHM = 457 Hz). Elemental analysis found (calculated) for C27H39F3N3Si3U: C, 35.39 
(35.57), H, 4.26 (4.31), N, 4.49 (4.61). Single crystals suitable for X-ray analysis were obtained by 
storing an n-pentane solution at –21 °C overnight.  
3.5.20 UIV[N(SiMe3)(C6H4F)]4 (3.8). To a vial containing UCl4 (0.19 g, 0.50 mmol, 1.00 equiv) 
dissolved in 2 mL THF, a 2 mL THF solution containing NaN(SiMe3)(C6H4F) (0.41 g, 2.00 mmol, 
4.00 equiv) was added. After stirring for 40 h, the volatiles were removed under reduced 
pressure. Resulting mixture was then extracted with 5 mL n-pentane and filtered through Celite 
packed on a coarse porosity fritted filter. The filtrate was concentrated to 2 mL and store at −21 
°C  overnight to yield yellow crystalline solids. The solids were collected on a medium porosity 
fritted filter and dried under reduced pressure for 1 h. Yield: 0.33 g, 0.34 mmol, 68%. 1H NMR 
(C6D6): δ 17.12 (br, 4H, −Ar), 4.87 (t, 4H, J = 6.9 Hz, −Ar), 1.31 (t, 4H, J = 7.4 Hz, −Ar), −1.14 (s, 
36H, −SiMe3), –2.33 (br, 4H, −Ar).19F NMR (C6D6):  not observed between −600 to 600 ppm with 
various acquisition time setting. Elemental analysis found (calculated) for C36H52F4N4Si4U: C, 
44.71 (44.71), H, 5.17 (5.42), N, 5.68 (5.79). Single crystals suitable for X-ray analysis were 
obtained by storing an n-pentane solution at –21 °C overnight.  
3.5.21 K(thf)UIV(=NC6F5)[N(SiMe3)(C6F5)]3 (3.9). To a vial containing UI3(thf)4 (0.091 g, 0.10 
mmol, 1.00 equiv) dissolved in 2 mL of THF, a 2 mL THF solution of KN(SiMe3)(C6F5) (0.088 g, 
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0.30 mmol, 3.00 equiv) was added, resulting in a color change to red and precipitation. The 
mixture was stirred for 0.5 h and filtered through Celite packed in a pipette filter. The volatiles 
were removed under reduced pressure. The residue was extracted with hexanes and filtered 
through Celite packed in a pipette filter. The hexanes solution was concentrated to 0.5 mL and 
stored at −21 °C to yield orange crystals of 6. Yield: 0.017 g, 0.013 mmol, 17%. 1 H NMR (THF-
h8): δ 0.22 (s, 27H, −SiMe3).19F NMR (THF-d8): δ −114.28 (s, 2F, o-Fimido), −146.32 (t, 2F, m-
Fimido, J = 23 Hz), −167.98 (d, 6F, m-Famide, J = 20 Hz), −171.75 (t, 3F, p-Famide, J = 23 Hz), 
−174.47 (t, 1F, p-Fimido, J = 23 Hz), −187.21 (br, 6F, o-Famide, FWHM =130 Hz). Elemental analysis 
found (calculated) for C37H35F20KN4OSi3U: C, 34.49 (34.37); H 3.15 (2.73); N 3.89 (4.33). 
3.5.22 {K(18-crown-6)(thf)2}{UV(=NC6F5)2[N(SiMe3)(C6F5)]3(thf)2} (3.10). To a vial containing 
UI3(THF)4 (0.091 g, 0.10 mmol, 1.00 equiv) dissolved in 2 mL THF, a 2 mL THF solution of 
KN(SiMe3)(C6F5) (0.117 g, 0.40 mmol, 4.00 equiv) was added, resulting in a color change to red 
and precipitation. The slurry was stirred for 1 h and filtered through Celite packed in a pipette 
filter. 18-crown-6 (0.026 g, 0.10 mmol, 1.00 equiv) was added to the filtrate, which was further 
stirred for 0.5 h. The mixture was filtered through Celite packed in a pipette filter and layered with 
4 mL of n-pentane. Storage at −21 °C for 1 day gave a red precipitate. The supernatant was 
filtered through Celite packed in a pipette filter, further layered with more pentane and stored at 
−21 °C. A small number of red crystals were obtained over 2 days, which were subjected to 
crystallographic analysis. 1H NMR (THF-h8): δ 1.17 (s, 8H, thf), 0.85 (s, 18H, −SiMe3), −4.01 (s, 
8H, thf). 19F NMR (THF-h8): δ –152.67 (s, 4F), –153.56 (s, 4F), –162.72 (s, 4F), −168.93 (s, 4F), 
−171.71 (t, 2F, J = 23 Hz), −179.74 (t, 2F, J = 23 Hz). 
3.5.23 UIV[N(SiMe3)(C6F5)]4 (3.11). To a vial containing UI4(Et2O)2 (0.089 g, 0.10 mmol, 1.00 
equiv) dissolved in 3 mL Et2O, an Et2O solution containing KN(SiMe3)(C6F5) (0.117 g, 0.40 mmol, 
4.00 equiv) was slowly added, causing an immediate color change to red and precipitation. After 
stirring for 1 h, the slurry was filtered through Celite packed in a pipette filter and washed with 2 × 
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2 mL Et2O. The volatiles were removed under reduced pressure. Hexanes (5 mL) was added, 
and the mixture was gently heated to help dissolution. The mixture was filtered through Celite 
packed in a pipette filter to yield an orange filtrate. The hexanes solution was concentrated to 
about 0.5 mL and stored at −21 °C to yield orange crystals which were collected and dried under 
reduced pressure. Yield: 0.031 g, 0.025 mmol, 25%. 1H NMR (C6D6): δ −10.23 (s, 36H, 
−SiMe3).19F NMR (C6D6): δ −144.58 (br, 8F, o-F, FWHM = 73 Hz), −156.80 (t, 4F, p-F, J = 23 Hz), 
−164.87 (t, 8F, m-F, J = 23 Hz). Elemental analysis found (calculated) for C36H36F20N4Si4U: C, 
34.13 (34.45); H, 2.74 (2.89); N, 4.34 (4.46). 
3.5.24 CeIII[S2CN(SiMe3)(C6F5)]3(O=PPh3)2 (3.12). To a vial containing Ce[N(SiMe3)(C6F5)]3 
(0.090 g, 0.100 mmol, 1.00 equiv) suspended in 2 mL toluene, a 2 mL toluene solution containing 
CS2 (0.030 g, 0.400 mmol, 4.00 equiv) was added, leading to an orange solution. After stirring for 
16 h, a 1 mL toluene solution containing O=PPh3 (0.056 g, 0.200 mmol, 2.00 equiv) was added, 
resulting in a color change to yellow. After stirring for 0.5 h, volatiles were removed under 
reduced pressure. The resulting off-white solids were collected on a medium porosity fritted filter, 
washed with 3 × 3 mL n-pentane and dried under reduced vacuum for 1 h. Yield: 0.132 g, 0.078 
mmol, 78%. 1H NMR (C6D6, 300 K): δ 13.85 (s, 12H, O=PPh3), 8.21 (s, 12H, O=PPh3), 8.03 (t, 
6H, O=PPh3, J = 6 Hz), −1.51 (s, 27 H, −SiMe3). 19F NMR (C6D6, 300 K): δ −147.88 (dd, 6 F, o-F, 
J1 = 23 Hz, J2 = 6 Hz), −157.74 (t, 3 F, p-F, J = 23 Hz), −165.40 (td, 6 F, m-F, J1 = 23 Hz, J2 = 6 
Hz). Elemental analysis found (calculated) for C66H57CeF15N3O2P2S6Si3: C, 47.22 (46.97), H, 3.36 
(3.40), N, 2.74 (2.49), S, 11.28 (11.40). Single crystals suitable for X-ray diffraction study were 
obtained by storing an n-pentane solution at −25 °C. 
3.5.25 CeIII{(NiPr)(NC6F5)C[N(SiMe3)iPr]}3 (3.13). To a vial containing Ce[N(SiMe3)(C6F5)]3 
(0.271 g, 0.300 mmol, 1.00 equiv) suspended in 3 mL toluene, a 2 mL toluene solution containing 
iPr−N=C=N−iPr (0.227 g, 1.800 mmol, 6.00 equiv) was added, leading to a yellow solution. After 
stirring for 16 h, volatiles were removed under reduced pressure. The solid residues were 
 
 
Chapter 3 – Applications of C−F→Ln/An Interactions in Coordination Chemistry | 112 
 
 
extracted with 5 mL n-pentane and filtered through Celite packed in a pipette filter. The clear 
yellow solution was then concentrated to 1 mL and stored at −25 °C to yield yellow crystals. The 
yellow products were collected on a medium porosity fritted filter and dried under reduced 
pressure for 1 h. Yield: 0.311 g, 0.243 mmol, 81%. 1H NMR (toluene-d8, 300 K): δ 9.10 (s), 8.56 
(br), 8.46 (br), 7.86 (s), 7.18 (br), 6.84 (br), 4.30 (s), 3.47 (s), 3.25 (br), 2.68 (s), 2.42(s), 2.28 (s), 
1.28 (br), −1.91 (s), −3.79 (s), −4.54 (s), −7.93 (s), −8.46 (s), −9.97 (s).  19F NMR (toluene-d8, 300 
K): δ −154.65 (br, o-F), −155.01 (br, o-F), −158.29 (br, o-F), −167.30 (t, m-F, J = 21 Hz), −167.56 
(t, m-F, J = 21 Hz), −167.92 (t, m-F, J = 23 Hz), −168.11 (t, p-F, J = 23 Hz), −168.66 (t, p-F, J = 
21 Hz). Elemental analysis found (calculated) for C48H72CeF15N9Si3: C 45.06 (44.88), H, 5.55 
(5.65), N 9.8 (9.81). Single crystals suitable for X-ray diffraction study were obtained by storing an 
n-pentane solution at −25 °C. 
3.5.26 AdN=C=NC6F5. 
3.5.26.1 From reaction of Ad−N=C=O with Ce[N(SiMe3)(C6F5)]3. To a vial containing 
Ce[N(SiMe3)(C6F5)]3 (0.090 g, 0.100 mmol, 1.00 equiv) suspended in 2 mL toluene, a 2 mL 
toluene solution containing O=C=N−Ad (0.053 g, 0.300 mmol, 3.00 equiv) was added, leading to 
a colorless solution. After stirring for 16 h, volatiles were removed under reduced pressure. The 
white solid residues were extracted with 5 mL n-pentane and filtered through Celite packed in a 
pipette filter. The clear n-pentane solution was then concentrated to 1 mL and stored at −25 °C to 
yield colorless crystalline solids. The products were collected on a medium porosity fritted filter 
and dried under reduced pressure for 1 h. Yield of AdN=C=NC6F5: 0.094 g, 0.275 mmol, 92%. 1H 
NMR (300Hz, C6D6, 300 K): δ 1.78 (s, 9H), 1.37 (s, 6H). 19F NMR (282 Hz, C6D6, 300 K): δ 
−150.40 (d, o-F, J = 23 Hz), −164.01 (t, p-F, J = 23 Hz), −164.61 (td, m-F, J1 = 23 Hz, J2 = 6 Hz). 
13C{1H} NMR (75 Hz, C6D6, 300 K): δ 58.67 (s), 44.83 (s), 36.15 (s), 30.32(s). IR (thin film): 2909, 
2156, 1533, 1507, 1058, 993, 978, 957 cm-1; m.p. 103-104 °C. High resolution mass spectra 
(ESI−) observed (calculated) for [M+OH]−: 359.1197 (359.1183). 
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3.5.26.2 From reaction of Ad−N=C=S with Ce[N(SiMe3)(C6F5)]3. To a vial containing 
Ce[N(SiMe3)(C6F5)]3 (0.090 g, 0.100 mmol, 1.00 equiv) suspended in 2 mL toluene, a 2 mL 
toluene solution containing S=C=N−Ad (0.058 g, 0.300 mmol, 3.00 equiv) was added, leading to 
a yellow solution. After stirring for 16 h, volatiles were removed under reduced pressure. The 
white solid residues were extracted with 5 mL n-pentane and filtered through Celite packed in a 
pipette filter. The clear n-pentane solution was then concentrated to 1 mL and stored at −25 °C to 
yield colorless crystalline solids. The products were collected on a medium porosity fritted filter 
and dried under reduced pressure for 1 h. Yield of AdN=C=NC6F5: 0.052 g, 0.152 mmol, 51%.  
3.5.27 C6F5N=C=O. In a 100 mL Schlenk tube, a 3 mL THF solution containing 
Ce[N(SiMe3)(C6F5)]3 (0.027 g, 0.030 mmol, 1.00 equiv) was added in the box, followed by internal 
standard 1-fluorobenzene (8.50 μL, 0.030 mmol, 3.00 equiv) through micro-pipette. The Schlenk 
tube was attached to Schlenk line. Upon frozen of solvent with liquid N2, the headspace was 
evacuated and refilled with CO2 using Schlenk techniques. The reaction was let thaw and stir at 
room temperature overnight. The product was identified by GC-MS as C6F5−N=C=O. 19F NMR 
(282 Hz, THF-h8, 300 K): δ −144.49 (d, o-F, J = 20 Hz), −159.55 (t, p-F, J = 21 Hz), −164.83 (t, 
m-F, J = 20 Hz). Yield was estimated by NMR integration compared to the internal standard, 70 
%. IR (THF solution): 2337 cm-1. 
3.6 X-ray Data. 
Table 3.6.1 Summary of structure determination. 
 3.1-Et2O 3.1-PhOMe NaN(C6F5)2(Et2O) 
Empirical formula  C44H20N3O2F30Ce C43H8N3OF30Ce C32H20N2O2F20Na2 
Formula weight  1332.75 1292.64 890.48 
Temperature  143(1) K 143(1) K 143(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  tetragonal triclinic monoclinic 
Space group  I41/a      P-1 P21/c      
Cell constants:     
a  20.0824(9) Å 10.449(3) Å 11.5901(16) Å 
b  20.0824(9) Å 11.307(3) Å 19.572(3) Å 
c  22.9594(12) Å 18.920(5) Å 16.133(2) Å 
 90 83.687(11)° 90 
 90 88.692(10)° 108.472(6)° 
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 90 71.854(9)° 90 
Volume 9259.6(8) Å3 2111.1(10) Å3 3471.1(8) Å3 
Z 8 2 4 
Density (calculated) 1.912 Mg/m3 2.033 Mg/m3 1.704 Mg/m3 
Absorption coefficient 1.148 mm-1 1.254 mm-1 0.201 mm-1 
F(000) 5192 1246 1776 
Crystal size 
0.68 x 0.18 x 0.05 
mm3 
0.50 x 0.35 x 0.18 
mm3 
0.18 x 0.12 x 0.08 
mm3 
Theta range for data 
collection 
1.35 to 27.48° 2.09 to 27.55° 1.69 to 27.54° 
Index ranges 
-23  h  26, -25  k  
26, -28  l  22 
-10  h  13, -14  k  
14, -24  l  24 
-14  h  15, -25  k  
25, -20  l  20 
Reflections collected 15842 47382 81177 
Independent 
reflections 
5136 [R(int) = 0.0604] 9523 [R(int) = 0.0263] 7929 [R(int) = 0.0339] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.6384 0.7456 and 0.6147 0.7456 and 0.7142 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
5136 / 0 / 365 9523 / 0 / 705 7929 / 0 / 528 
Goodness-of-fit on F2 1.015 1.134 1.012 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0299, 
wR2 = 0.0633 
R1 = 0.0214, 
wR2 = 0.0506 
R1 = 0.0332,  
wR2 = 0.0775 
R indices (all data) 
R1 = 0.0581, 
wR2 = 0.0675 
R1 = 0.0243, 
wR2 = 0.0541 
R1 = 0.0569, 
wR2 = 0.0887 
Largest diff. peak and 
hole 
1.002, -0.493 e.Å-3 0.545, -0.581 e.Å-3 0.253, -0.218 e.Å-3 
 
 3.2 3.3-tol 3.3-mes 
Empirical formula  C64H40N4O4F40NaCe C43H8N3F30Ce C90H24N6F60Ce2 
Formula weight  1852.11 1276.64 2609.39 
Temperature  143(1) K 143(1) K 143(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  triclinic monoclinic triclinic 
Space group  P-1 P21/c      P-1 
Cell constants:     
a  12.7902(11) Å 10.2371(6) Å 10.5284(14) Å 
b  13.1639(13) Å 21.3256(13) Å 21.974(3) Å 
c  20.981(2) Å 19.2303(11) Å 22.152(3) Å 
 104.810(5)° 90 73.699(6)° 
 95.051(4)° 102.242(3)° 84.583(6)° 
 91.908(4)° 90 88.439(7)° 
Volume 3396.2(6) Å3 4102.7(4) Å3 4896.9(11) Å3 
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Z 2 4 2 
Density (calculated) 1.811 Mg/m3 2.067 Mg/m3 1.770 Mg/m3 
Absorption coefficient 0.839 mm-1 1.287 mm-1 1.081 mm-1 
F(000) 1826 2460 2524 
Crystal size 
0.12 x 0.12 x 0.08 
mm3 
0.12 x 0.08 x 0.05 
mm3 
0.15 x 0.10 x 0.05 
mm3 
Theta range for data 
collection 
1.60 to 27.60° 1.91 to 27.56° 1.54 to 27.60° 
Index ranges 
-14  h  16, -16  k  
17, -26  l  26 
-13  h  13, -27  k  
27, -24  l  24 
-13  h  13, -28  k  
28, -28  l  28 
Reflections collected 105298 72843 156688 
Independent 
reflections 
15372 [R(int) = 
0.0312] 
9446 [R(int) = 0.0273] 
22195 [R(int) = 
0.0440] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.6510 0.7456 and 0.6708 0.7456 and 0.6870 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
15372 / 0 / 1028 9446 / 0 / 696 22195 / 0 / 1430 
Goodness-of-fit on F2 1.041 1.034 1.089 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0286,  
wR2 = 0.0674 
R1 = 0.0234,  
wR2 = 0.0545 
R1 = 0.0540,  
wR2 = 0.1333 
R indices (all data) 
R1 = 0.0360,  
wR2 = 0.0723 
R1 = 0.0329,  
wR2 = 0.0588 
R1 = 0.0683,  
wR2 = 0.1380 
Largest diff. peak and 
hole 
1.448, -0.585 e.Å-3 0.615, -0.365 e.Å-3 3.265, -1.127 e.Å-3 
 
 
 KN(SiMe3)(C6F5) 3.4 3.5 
Empirical formula  C13H19SiNOF5K C39H51Si3N3O6F15Ce C70H86Si6N6O7F30Ce2 
Formula weight  367.48 1167.22 2142.23 
Temperature  100(1) K 100(1) K 100(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  monoclinic monoclinic monoclinic 
Space group  P21/c      C2/c       P21/c      
Cell constants:     
a  9.7741(6) Å 28.709(3) Å 12.1930(16) Å 
b  22.3380(12) Å 15.5294(18) Å 18.164(3) Å 
c  8.2804(5) Å 23.281(3) Å 40.779(6) Å 
 90 90 90 
 107.812(3)° 111.149(5)° 95.641(6)° 
 90 90 90 
Volume 1721.23(17) Å3 9680(2) Å3 8988(2) Å3 
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Z 4 8 4 
Density (calculated) 1.418 Mg/m3 1.602 Mg/m3 1.583 Mg/m3 
Absorption coefficient 0.425 mm-1 1.119 mm-1 1.193 mm-1 
F(000) 760 4712 4296 
Crystal size 
0.25 x 0.10 x 0.10 
mm3 
0.38 x 0.12 x 0.04 
mm3 
0.38 x 0.25 x 0.20 
mm3 
Theta range for data 
collection 
2.19 to 27.53° 1.52 to 27.66° 1.50 to 27.51° 
Index ranges 
-12  h  12, 0  k  
29, 0  l  10 
-37  h  34, 0  k  
20, 0   l  30 
-15  h  15, -23  k  
23, -47  l  52 
Reflections collected 44610 279186 131989 
Independent 
reflections 
4716 [R(int) = 0.0470] 
11191 [R(int) = 
0.0400] 
20569 [R(int) = 
0.0290] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.5595 0.7456 and 0.5684 0.7456 and 0.6804 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
4716 / 0 / 206 11191 / 0 / 614 20569 / 88 / 1142 
Goodness-of-fit on F2 0.851 1.173 1.254 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0390,  
wR2 = 0.1301 
R1 = 0.0256,  
wR2 = 0.0674 
R1 = 0.0422,  
wR2 = 0.0937 
R indices (all data) 
R1 = 0.0417,  
wR2 = 0.1334 
R1 = 0.0299,  
wR2 = 0.0745 
R1 = 0.0468,  
wR2 = 0.0960 
Largest diff. peak and 
hole 
0.625, -0.485 e.Å-3 0.668, -0.972 e.Å-3 1.093, -1.836 e.Å-3 
 
 3.6 3.7-Cl 3.7-CCPh 
Empirical formula  C39H51Si3N3O6F15Ce C27H39Si3N3F3ClU C35H44Si3N3F3U 
Formula weight  1167.22 820.36 886.03 
Temperature  100(1) K 100(1) K 100(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  monoclinic monoclinic triclinic 
Space group  C2/c       P21/n      P-1 
Cell constants:     
a  28.709(3) Å 12.0396(10) Å 12.1184(4) Å 
b  15.5294(18) Å 13.7060(13) Å 12.7030(4) Å 
c  23.281(3) Å 19.9135(19) Å 14.1095(5) Å 
 90 90 64.841(2)° 
 111.149(5)° 91.341(4)° 70.349(2)° 
 90 90 77.979(2)° 
Volume 9680(2) Å3 3285.1(5) Å3 1846.02(11) Å3 
Z 8 4 2 
Density (calculated) 1.602 Mg/m3 1.659 Mg/m3 1.594 Mg/m3 
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Absorption coefficient 1.119 mm-1 5.170 mm-1 4.537 mm-1 
F(000) 4712 1600 872 
Crystal size 
0.38 x 0.12 x 0.04 
mm3 
0.38 x 0.25 x 0.12 
mm3 
0.18 x 0.07 x 0.01 
mm3 
Theta range for data 
collection 
1.52 to 27.66° 1.80 to 27.56° 1.66 to 27.53° 
Index ranges 
-37  h  34, 0  k  
20, 0  l  30 
-15  h  15, -17  k  
17, -25  l  25 
-15  h  15, -16  k 
 16, -18  l  18 
Reflections collected 279186 74701 45597 
Independent 
reflections 
11191 [R(int) = 
0.0400] 
7551 [R(int) = 0.0181] 8417 [R(int) = 0.0248] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.5684 0.7456 and 0.5665 0.7456 and 0.5991 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
11191 / 0 / 614 7551 / 0 / 353 8417 / 0 / 416 
Goodness-of-fit on F2 1.173 1.232 1.099 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0256,  
wR2 = 0.0674 
R1 = 0.0174,  
wR2 = 0.0371 
R1 = 0.0203,  
wR2 = 0.0468 
R indices (all data) 
R1 = 0.0299,  
wR2 = 0.0745 
R1 = 0.0211,  
wR2 = 0.0398 
R1 = 0.0248,  
wR2 = 0.0526 
Largest diff. peak and 
hole 
0.668, -0.972 e.Å-3 1.181, -0.687 e.Å-3 0.809, -0.560 e.Å-3 
 
 3.7-OMe 3.7-I 3.8 
Empirical formula  C28H42N3Si3OF3U C27H39Si3N3F3IU C36H52Si4N4F4U 
Formula weight  815.95 911.81 967.21 
Temperature  100(1) K 100(1) K 100(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  triclinic triclinic monoclinic 
Space group  P-1 P-1 P21/c      
Cell constants:     
a  11.9455(5) Å 10.4057(9) Å 11.1338(4) Å 
b  12.1048(5) Å 11.0327(8) Å 20.1704(6) Å 
c  15.7546(7) Å 16.1084(13) Å 18.7326(6) Å 
 88.896(2)° 85.395(3)° 90 
 68.341(2)° 79.603(3)° 103.7910(10)° 
 62.841(2)° 68.152(2)° 90 
Volume 1852.88(14) Å3 1688.1(2) Å3 4085.6(2) Å3 
Z 2 2 4 
Density (calculated) 1.462 Mg/m3 1.794 Mg/m3 1.572 Mg/m3 
Absorption coefficient 4.514 mm-1 5.866 mm-1 4.139 mm-1 
F(000) 800 872 1920 
 
 




0.30 x 0.15 x 0.10 
mm3 
0.20 x 0.10 x 0.08 
mm3 
0.38 x 0.25 x 0.22 
mm3 
Theta range for data 
collection 
2.00 to 27.59° 1.99 to 27.56° 2.14 to 27.47° 
Index ranges 
-14  h  15, -15  k 
 15, 0  l  20 
-13  h  13, -14  k 
 14, -20  l  20 
-14  h  14, -26  k 
 26, -23  l  24 
Reflections collected 77173 34879 90842 
Independent reflections 
8475 [R(int) = 
0.0520] 
7728 [R(int) = 
0.0199] 
9347 [R(int) = 
0.0172] 
Completeness to theta 
= 27.52° 








Max. and min. 
transmission 
0.7456 and 0.3414 0.7456 and 0.4542 0.7456 and 0.5679 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
8475 / 0 / 363 7728 / 0 / 353 9347 / 0 / 455 
Goodness-of-fit on F2 1.232 1.067 1.312 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0322,  
wR2 = 0.0841 
R1 = 0.0146,  
wR2 = 0.0354 
R1 = 0.0152,  
wR2 = 0.0437 
R indices (all data) 
R1 = 0.0333,  
wR2 = 0.0844 
R1 = 0.0157,  
wR2 = 0.0364 
R1 = 0.0168,  
wR2 = 0.0508 
Largest diff. peak and 
hole 
3.879, -1.626 e.Å-3 0.971, -0.880 e.Å-3 1.148, -0.666 e.Å-3 
 
 3.9 3.10 3.11 
Empirical formula  C37H35Si3N4OF20KU C58H74Si2N4O10F20KU C36H36N4Si4F20U 
Formula weight  1293.09 1700.52 1255.08 
Temperature  143(1) K 143(1) K 143(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  triclinic triclinic triclinic 
Space group  P-1 P-1 P-1 
Cell constants:     
a  11.3141(10) Å 11.9737(6) Å 10.571(3) Å 
b  12.8177(11) Å 12.0121(6) Å 12.385(3) Å 
c  16.7339(15) Å 12.8690(6) Å 19.357(5) Å 
 89.929(4)° 72.059(2)° 85.768(10)° 
 73.205(4)° 85.715(2)° 76.166(11)° 
 85.968(4)° 75.695(3)° 68.348(10)° 
Volume 2317.0(4) Å3 1706.34(14) Å3 2286.8(10) Å3 
Z 2 1 2 
Density (calculated) 1.853 Mg/m3 1.655 Mg/m3 1.823 Mg/m3 
Absorption coefficient 3.787 mm-1 2.585 mm-1 3.768 mm-1 
F(000) 1252 849 1216 
Crystal size 
0.32 x 0.12 x 0.02 
mm3 
0.18 x 0.10 x 0.03 
mm3 
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Theta range for data 
collection 
1.89 to 27.57° 1.66 to 27.58° 2.06 to 27.47° 
Index ranges 
-14  h  14, -13  k  
16, -21  l  21 
-15  h  15, -15  k  
15, -16  l  16 
-13  h  13, -15  k 
16, 0  l  25 
Reflections collected 66421 51671 92946 
Independent 
reflections 
10341 [R(int) = 
0.0301] 
7662 [R(int) = 0.0309] 
10248 [R(int) = 
0.0380] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.5592 0.7456 and 0.6698 0.7456 and 0.5242 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
10341 / 0 / 614 7662 / 162 / 515 10248 / 0 / 600 
Goodness-of-fit on F2 1.096 1.156 1.301 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0356,  
wR2 = 0.0793 
R1 = 0.0336,  
wR2 = 0.0709 
R1 = 0.0304,  
wR2 = 0.0923 
R indices (all data) 
R1 = 0.0458,  
wR2 = 0.0857 
R1 = 0.0372,  
wR2 = 0.0721 
R1 = 0.0372,  
wR2 = 0.0974 
Largest diff. peak and 
hole 
5.118, -1.703 e.Å-3 1.029, -0.523 e.Å-3 1.987, -1.281 e.Å-3 
 
 3.12 3.13 




Formula weight  1687.84 1281.51 
Temperature  100(1) K 100(1) K 
Wavelength  0.71073 Å 0.71073 Å 
Crystal system  triclinic monoclinic 
Space group  P-1 C2/c       
Cell constants:    
a  13.5981(6) Å 23.8000(14) Å 
b  14.8764(7) Å 12.7595(7) Å 
c  21.2531(9) Å 40.727(2) Å 
 75.799(2)° 90 
 87.413(2)° 97.599(3)° 
 75.372(2)° 90 
Volume 4032.2(3) Å3 12259.2(12) Å3 
Z 2 8 
Density (calculated) 1.390 Mg/m3 1.389 Mg/m3 
Absorption coefficient 0.880 mm-1 0.886 mm-1 
F(000) 1702 5240 
Crystal size 
0.25 x 0.25 x 0.05 
mm3 
0.24 x 0.16 x 0.04 
mm3 
Theta range for data 1.55 to 27.56° 1.73 to 27.53° 
 
 





-17  h  17, -16  k 
19, -27  l  27 
-30  h  30, -16  k 
 16, -52 l  52 
Reflections collected 97499 141222 
Independent 
reflections 
18193 [R(int) = 
0.0255] 
14121 [R(int) = 
0.0252] 
Completeness to theta 
= 27.52° 






Max. and min. 
transmission 
0.7456 and 0.6733 0.7456 and 0.6873 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
18193 / 1002 / 978 14121 / 180 / 797 
Goodness-of-fit on F2 1.096 1.166 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0511,  
wR2 = 0.1185 
R1 = 0.0499,  
wR2 = 0.1189 
R indices (all data) 
R1 = 0.0623,  
wR2 = 0.1253 
R1 = 0.0535,  
wR2 = 0.1204 
Largest diff. peak and 
hole 
1.785, -1.194 e.Å-3 1.423, -1.407 e.Å-3 
 
Table 3.6.2 Bond lengths of 3.1-Et2O (Å). 
Ce1-N2  2.462(3) Ce1-N1#1  2.5108(19) Ce1-N1  2.5108(19) 
Ce1-O1  2.5222(16) Ce1-O1#1  2.5222(16) Ce1-F10#1  2.7155(15) 
Ce1-F10  2.7155(15) Ce1-F15#1  2.8190(14) Ce1-F15  2.8190(14) 
F1-C2  1.346(3) F2-C3  1.338(3) F3-C4  1.335(3) 
F4-C5  1.345(3) F5-C6  1.354(3) F6-C8  1.347(4) 
F7-C9  1.348(3) F8-C10  1.343(3) F9-C11  1.341(4) 
F10-C12  1.375(3) F11-C14  1.352(3) F12-C15  1.340(3) 
F13-C16  1.341(3) F14-C17  1.340(3) F15-C18  1.366(3) 
O1-C20  1.455(3) O1-C22  1.456(3) N1-C7  1.379(3) 
N1-C1  1.412(3) N2-C13#1  1.408(3) N2-C13  1.408(3) 
C1-C2  1.382(4) C1-C6  1.394(3) C2-C3  1.373(4) 
C3-C4  1.385(4) C4-C5  1.373(5) C5-C6  1.365(5) 
C7-C12  1.380(4) C7-C8  1.412(3) C8-C9  1.379(4) 
C9-C10  1.366(5) C10-C11  1.385(4) C11-C12  1.376(4) 
C13-C18  1.392(3) C13-C14  1.394(3) C14-C15  1.385(3) 
C15-C16  1.378(4) C16-C17  1.382(4) C17-C18  1.372(3) 
C20-C21  1.507(4) C22-C23  1.503(4)   
Symmetry transformations used to generate equivalent atoms:  
#1 -x+0,-y+3/2,z+0      
Table 3.6.3 Bond angles of 3.1-Et2O (°). 
N2-Ce1-N1#1 91.20(5) N2-Ce1-N1 91.20(5) 
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N2-Ce1-O1 114.79(4) N1#1-Ce1-O1 93.45(6) 
N2-Ce1-O1#1 114.79(4) N1#1-Ce1-O1#1 85.54(6) 
O1-Ce1-O1#1 130.42(8) N2-Ce1-F10#1 151.92(3) 
N1-Ce1-F10#1 116.78(6) O1-Ce1-F10#1 68.21(5) 
N2-Ce1-F10 151.92(3) N1#1-Ce1-F10 116.78(6) 
O1-Ce1-F10 68.37(5) O1#1-Ce1-F10 68.21(5) 
N2-Ce1-F15#1 59.90(3) N1#1-Ce1-F15#1 71.39(5) 
O1-Ce1-F15#1 60.60(5) O1#1-Ce1-F15#1 155.72(5) 
F10-Ce1-F15#1 128.83(4) N2-Ce1-F15 59.90(3) 
N1-Ce1-F15 71.39(5) O1-Ce1-F15 155.72(5) 
F10#1-Ce1-F15 128.83(4) F10-Ce1-F15 104.95(4) 
C12-F10-Ce1 118.77(15) C18-F15-Ce1 111.41(12) 
C20-O1-Ce1 120.09(14) C22-O1-Ce1 125.75(14) 
C7-N1-Ce1 125.31(17) C1-N1-Ce1 115.86(15) 
C13#1-N2-Ce1 121.70(14) C13-N2-Ce1 121.70(14) 
C2-C1-N1 121.5(2) C6-C1-N1 122.7(2) 
F1-C2-C1 119.0(2) C3-C2-C1 123.0(2) 
F2-C3-C4 120.1(3) C2-C3-C4 119.2(3) 
F3-C4-C3 119.9(3) C5-C4-C3 119.3(3) 
F4-C5-C4 119.9(3) C6-C5-C4 120.2(3) 
F5-C6-C1 118.9(3) C5-C6-C1 122.4(3) 
N1-C7-C8 128.4(3) C12-C7-C8 113.2(3) 
F6-C8-C7 120.8(3) C9-C8-C7 121.8(3) 
F7-C9-C8 118.6(3) C10-C9-C8 122.2(3) 
F8-C10-C11 120.1(3) C9-C10-C11 118.1(3) 
F9-C11-C10 121.0(3) C12-C11-C10 118.5(3) 
F10-C12-C7 116.6(2) C11-C12-C7 126.1(3) 
C18-C13-N2 117.5(2) C14-C13-N2 128.6(2) 
F11-C14-C13 119.5(2) C15-C14-C13 123.0(2) 
F12-C15-C14 119.6(2) C16-C15-C14 120.6(2) 
F13-C16-C17 120.0(2) C15-C16-C17 118.6(2) 
F14-C17-C16 120.3(2) C18-C17-C16 119.1(2) 
F15-C18-C13 116.6(2) C17-C18-C13 125.1(2) 
O1-C22-C23 113.8(2) F3-C4-C5 120.8(3) 
N1#1-Ce1-N1 177.59(10) F4-C5-C6 119.9(3) 
N1-Ce1-O1 85.54(6) F5-C6-C5 118.7(3) 
N1-Ce1-O1#1 93.45(6) N1-C7-C12 118.4(2) 
N1#1-Ce1-F10#1 60.81(6) F6-C8-C9 117.4(2) 
O1#1-Ce1-F10#1 68.37(5) F7-C9-C10 119.2(3) 
N1-Ce1-F10 60.81(6) F8-C10-C9 121.8(3) 
F10#1-Ce1-F10 56.16(6) F9-C11-C12 120.5(3) 
N1-Ce1-F15#1 109.89(6) F10-C12-C11 117.3(3) 
F10#1-Ce1-F15#1 104.95(4) C18-C13-C14 113.7(2) 
N1#1-Ce1-F15 109.89(6) F11-C14-C15 117.4(2) 
O1#1-Ce1-F15 60.60(5) F12-C15-C16 119.7(2) 
F15#1-Ce1-F15 119.80(6) F13-C16-C15 121.3(3) 
C20-O1-C22 114.11(18) F14-C17-C18 120.7(2) 
C7-N1-C1 118.4(2) F15-C18-C17 118.3(2) 
C13#1-N2-C13 116.6(3) O1-C20-C21 113.1(2) 
C2-C1-C6 115.8(3) F2-C3-C2 120.7(3) 
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F1-C2-C3 118.0(2)   
Symmetry transformations used to generate equivalent atoms:  
#1 -x+0,-y+3/2,z+0      
Table 3.6.4 Bond lengths of 3.1-PhOMe (Å). 
Ce1-N1  2.4255(17) Ce1-N3  2.4281(16) Ce1-N2  2.4528(17) 
Ce1-O1  2.5207(14) Ce1-F1  2.6574(13) Ce1-F16  2.6868(13) 
Ce1-F21  2.7563(13) Ce1-F11  2.7604(13) Ce1-F26  2.8899(15) 
Ce1-F10  2.9095(14) N1-C1  1.376(3) N1-C7  1.394(2) 
N2-C13  1.394(2) N2-C19  1.397(2) N3-C25  1.382(2) 
N3-C31  1.401(3) C1-C2  1.395(3) C1-C6  1.397(3) 
C2-C3  1.367(3) C2-F1  1.371(2) C3-F2  1.330(2) 
C3-C4  1.378(3) C4-F3  1.342(2) C4-C5  1.373(3) 
C5-F4  1.341(2) C5-C6  1.378(3) C6-F5  1.343(2) 
C7-C12  1.394(3) C7-C8  1.396(3) C8-F6  1.341(2) 
C8-C9  1.378(3) C9-F7  1.339(2) C9-C10  1.374(3) 
C10-F8  1.340(2) C10-C11  1.374(3) C11-F9  1.330(2) 
C11-C12  1.375(3) C12-F10  1.363(2) C13-C14  1.397(3) 
C13-C18  1.400(3) C14-F11  1.368(2) C14-C15  1.376(3) 
C15-F12  1.336(2) C15-C16  1.373(3) C16-F13  1.342(2) 
C16-C17  1.376(3) C17-F14  1.335(2) C17-C18  1.384(3) 
C18-F15  1.342(2) C19-C20  1.395(3) C19-C24  1.394(3) 
C20-F16  1.368(2) C20-C21  1.372(3) C21-F17  1.340(2) 
C21-C22  1.377(3) C22-F18  1.338(2) C22-C23  1.376(3) 
C23-F19  1.337(3) C23-C24  1.381(3) C24-F20  1.346(2) 
C25-C26  1.388(3) C25-C30  1.401(3) C26-F21  1.365(2) 
C26-C27  1.373(3) C27-F22  1.333(3) C27-C28  1.374(4) 
C28-F23  1.340(3) C28-C29  1.368(4) C29-F24  1.336(3) 
C29-C30  1.378(3) C30-F25  1.340(3) C31-C32  1.390(3) 
C31-C36  1.397(3) C32-F26  1.358(2) C32-C33  1.372(3) 
C33-F27  1.339(3) C33-C34  1.369(3) C34-F28  1.337(3) 
C34-C35  1.376(4) C35-F29  1.336(3) C35-C36  1.378(3) 
C36-F30  1.340(2) C37-C42  1.375(3) C37-C38  1.379(3) 
C37-O1  1.412(2) C38-C39  1.382(3) C39-C40  1.379(3) 
C40-C41  1.381(3) C41-C42  1.387(3) C43-O1  1.445(3) 
 
Table 3.6.5 Bond angles of 3.1-PhOMe (°). 
N1-Ce1-N3 122.53(6) N1-Ce1-N2 103.51(6) 
N1-Ce1-O1 114.60(5) N3-Ce1-O1 87.10(5) 
N1-Ce1-F1 61.99(5) N3-Ce1-F1 81.12(5) 
O1-Ce1-F1 68.90(4) N1-Ce1-F16 117.81(5) 
N2-Ce1-F16 62.91(5) O1-Ce1-F16 126.24(4) 
N1-Ce1-F21 175.87(5) N3-Ce1-F21 61.41(5) 
O1-Ce1-F21 63.33(4) F1-Ce1-F21 119.03(4) 
N1-Ce1-F11 71.53(5) N3-Ce1-F11 150.40(5) 
O1-Ce1-F11 63.49(4) F1-Ce1-F11 84.90(4) 
F21-Ce1-F11 104.42(4) N1-Ce1-F26 67.16(5) 
N2-Ce1-F26 133.77(5) O1-Ce1-F26 131.38(4) 
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F16-Ce1-F26 81.26(4) F21-Ce1-F26 116.95(4) 
N1-Ce1-F10 59.54(5) N3-Ce1-F10 110.78(5) 
O1-Ce1-F10 161.72(4) F1-Ce1-F10 116.23(4) 
F21-Ce1-F10 121.19(4) F11-Ce1-F10 98.80(4) 
C1-N1-C7 121.35(16) C1-N1-Ce1 125.83(12) 
C13-N2-C19 119.90(16) C13-N2-Ce1 121.86(12) 
C25-N3-C31 120.37(16) C25-N3-Ce1 125.83(13) 
N1-C1-C2 117.11(17) N1-C1-C6 129.21(18) 
C3-C2-F1 118.13(17) C3-C2-C1 125.79(19) 
F2-C3-C2 120.75(19) F2-C3-C4 120.97(19) 
F3-C4-C5 120.8(2) F3-C4-C3 120.5(2) 
F4-C5-C4 119.0(2) F4-C5-C6 119.3(2) 
F5-C6-C5 117.67(19) F5-C6-C1 120.40(18) 
N1-C7-C12 118.26(17) N1-C7-C8 125.94(18) 
F6-C8-C9 118.70(18) F6-C8-C7 119.51(18) 
F7-C9-C10 120.1(2) F7-C9-C8 119.2(2) 
F8-C10-C9 120.2(2) F8-C10-C11 120.0(2) 
F9-C11-C10 120.58(19) F9-C11-C12 120.6(2) 
F10-C12-C11 118.90(18) F10-C12-C7 117.29(17) 
N2-C13-C14 118.31(16) N2-C13-C18 127.72(17) 
F11-C14-C15 117.86(17) F11-C14-C13 117.14(16) 
F12-C15-C16 120.41(17) F12-C15-C14 120.80(17) 
F13-C16-C15 120.46(18) F13-C16-C17 120.46(18) 
F14-C17-C16 119.20(18) F14-C17-C18 119.83(18) 
F15-C18-C17 117.69(17) F15-C18-C13 120.04(17) 
C20-C19-C24 114.03(18) C20-C19-N2 118.49(18) 
F16-C20-C21 117.83(18) F16-C20-C19 117.29(17) 
F17-C21-C20 120.4(2) F17-C21-C22 120.60(19) 
F18-C22-C23 121.2(2) F18-C22-C21 120.0(2) 
F19-C23-C22 119.6(2) F19-C23-C24 119.4(2) 
F20-C24-C23 117.87(19) F20-C24-C19 119.71(18) 
N3-C25-C26 118.06(17) N3-C25-C30 127.7(2) 
F21-C26-C27 117.91(19) F21-C26-C25 117.23(16) 
F22-C27-C28 120.9(2) F22-C27-C26 120.3(2) 
F23-C28-C29 120.6(2) F23-C28-C27 120.4(3) 
F24-C29-C28 119.5(2) F24-C29-C30 119.1(3) 
F25-C30-C29 118.0(2) F25-C30-C25 120.2(2) 
C32-C31-C36 114.83(19) C32-C31-N3 118.03(17) 
F26-C32-C33 118.71(19) F26-C32-C31 117.57(18) 
F27-C33-C34 120.0(2) F27-C33-C32 120.4(2) 
F28-C34-C33 120.3(2) F28-C34-C35 120.4(2) 
F29-C35-C34 120.3(2) F29-C35-C36 119.5(2) 
F30-C36-C35 118.26(19) F30-C36-C31 119.32(19) 
C42-C37-C38 122.13(19) C42-C37-O1 119.00(17) 
C37-C38-C39 118.63(19) C40-C39-C38 120.3(2) 
C40-C41-C42 120.2(2) C37-C42-C41 118.54(19) 
C37-O1-Ce1 126.24(11) C43-O1-Ce1 121.97(12) 
C12-F10-Ce1 98.62(10) C14-F11-Ce1 112.99(10) 
C26-F21-Ce1 114.93(11) C32-F26-Ce1 100.75(11) 
N3-Ce1-N2 128.40(5) C11-C12-C7 123.74(19) 
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N2-Ce1-O1 94.34(5) C14-C13-C18 113.78(17) 
N2-Ce1-F1 146.47(5) C15-C14-C13 124.99(17) 
N3-Ce1-F16 75.01(5) C16-C15-C14 118.79(18) 
F1-Ce1-F16 150.28(4) C15-C16-C17 119.07(17) 
N2-Ce1-F21 73.44(5) C16-C17-C18 120.96(18) 
F16-Ce1-F21 63.57(4) C17-C18-C13 122.24(18) 
N2-Ce1-F11 61.58(4) C24-C19-N2 127.09(18) 
F16-Ce1-F11 124.24(4) C21-C20-C19 124.75(19) 
N3-Ce1-F26 59.76(5) C20-C21-C22 119.0(2) 
F1-Ce1-F26 71.44(4) C23-C22-C21 118.80(19) 
F11-Ce1-F26 138.34(4) C22-C23-C24 120.9(2) 
N2-Ce1-F10 71.87(5) C23-C24-C19 122.41(19) 
F16-Ce1-F10 58.66(4) C26-C25-C30 114.19(19) 
F26-Ce1-F10 64.57(4) C27-C26-C25 124.8(2) 
C7-N1-Ce1 112.13(12) C28-C27-C26 118.8(2) 
C19-N2-Ce1 118.21(12) C29-C28-C27 119.0(2) 
C31-N3-Ce1 113.59(12) C28-C29-C30 121.3(2) 
C2-C1-C6 113.55(18) C29-C30-C25 121.8(2) 
F1-C2-C1 116.08(16) C36-C31-N3 126.71(19) 
C2-C3-C4 118.27(19) C33-C32-C31 123.61(19) 
C5-C4-C3 118.73(19) C34-C33-C32 119.6(2) 
C4-C5-C6 121.6(2) C33-C34-C35 119.3(2) 
C5-C6-C1 121.93(19) C34-C35-C36 120.2(2) 
C12-C7-C8 115.32(18) C35-C36-C31 122.4(2) 
C9-C8-C7 121.7(2) C38-C37-O1 118.86(17) 
C10-C9-C8 120.63(19) C39-C40-C41 120.2(2) 
C9-C10-C11 119.76(19) C37-O1-C43 111.78(15) 
C10-C11-C12 118.8(2) C2-F1-Ce1 117.86(10) 
C20-F16-Ce1 111.89(10)   
 
Table 3.6.6 Bond lengths of NaN(C6F5)2(Et2O) (Å). 
Na1-O1  2.3436(13) Na1-F19#1  2.4070(11) Na1-F1  2.4096(11) 
Na1-N2  2.4975(13) Na1-F16  2.5103(11) Na1-N1  2.5252(14) 
Na1-C13  3.1247(15) Na1-Na2  3.3589(9) Na2-O2  2.3221(13) 
Na2-F11  2.4107(11) Na2-F6  2.4941(11) Na2-N2  2.5067(14) 
Na2-N1  2.5474(13) Na2-F9#2  2.5865(11) Na2-F8#2  2.6992(12) 
O1-C27  1.426(2) O1-C25  1.439(2) O2-C31  1.432(2) 
O2-C29  1.433(2) N1-C7  1.3822(18) N1-C1  1.3844(19) 
N2-C19  1.3809(18) N2-C13  1.3842(18) C1-C2  1.398(2) 
C1-C6  1.402(2) C2-F1  1.3563(18) C2-C3  1.373(2) 
C3-F2  1.3462(19) C3-C4  1.373(2) C4-F3  1.3458(18) 
C4-C5  1.374(3) C5-F4  1.3401(19) C5-C6  1.378(2) 
C6-F5  1.3505(18) C7-C8  1.404(2) C7-C12  1.407(2) 
C8-F6  1.3548(16) C8-C9  1.376(2) C9-F7  1.3384(18) 
C9-C10  1.376(2) C10-F8  1.3542(17) C10-C11  1.375(2) 
C11-F9  1.3517(17) C11-C12  1.377(2) C12-F10  1.3490(17) 
C13-C14  1.399(2) C13-C18  1.401(2) C14-F11  1.3568(17) 
C14-C15  1.373(2) C15-F12  1.3453(18) C15-C16  1.375(2) 
C16-F13  1.3437(18) C16-C17  1.376(2) C17-F14  1.3418(18) 
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C17-C18  1.379(2) C18-F15  1.3518(17) C19-C20  1.402(2) 
C19-C24  1.403(2) C20-F16  1.3556(17) C20-C21  1.377(2) 
C21-F17  1.3391(18) C21-C22  1.379(2) C22-F18  1.3485(17) 
C22-C23  1.374(2) C23-F19  1.3535(17) C23-C24  1.375(2) 
C24-F20  1.3476(17) C25-C26  1.500(3) C27-C28  1.485(3) 
C29-C30  1.495(2) C31-C32  1.485(3) F8-Na2#1  2.6992(12) 
F9-Na2#1  2.5865(11) F19-Na1#2  2.4070(11)   
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+1/2,z-1/2    #2 x,-y+1/2,z+1/2      
Table 3.6.7 Bond angles of NaN(C6F5)2(Et2O) (°). 
O1-Na1-F19#1 99.10(4) O1-Na1-F1 89.05(4) 
O1-Na1-N2 95.81(4) F19#1-Na1-N2 133.97(4) 
O1-Na1-F16 103.98(4) F19#1-Na1-F16 68.52(4) 
N2-Na1-F16 65.66(4) O1-Na1-N1 153.97(5) 
F1-Na1-N1 66.83(4) N2-Na1-N1 95.88(4) 
O1-Na1-C13 80.17(4) F19#1-Na1-C13 156.86(4) 
N2-Na1-C13 25.52(4) F16-Na1-C13 89.08(4) 
O1-Na1-Na2 141.94(4) F19#1-Na1-Na2 114.44(3) 
N2-Na1-Na2 47.96(3) F16-Na1-Na2 74.24(3) 
C13-Na1-Na2 61.88(3) O2-Na2-F11 102.92(4) 
F11-Na2-F6 151.53(4) O2-Na2-N2 163.27(5) 
F6-Na2-N2 99.73(4) O2-Na2-N1 98.37(5) 
F6-Na2-N1 64.78(4) N2-Na2-N1 95.09(4) 
F11-Na2-F9#2 135.31(4) F6-Na2-F9#2 65.75(3) 
N1-Na2-F9#2 130.36(4) O2-Na2-F8#2 81.38(4) 
F6-Na2-F8#2 126.87(4) N2-Na2-F8#2 83.43(4) 
F9#2-Na2-F8#2 61.26(3) O2-Na2-Na1 146.62(4) 
F6-Na2-Na1 72.36(3) N2-Na2-Na1 47.72(3) 
F9#2-Na2-Na1 111.44(3) F8#2-Na2-Na1 131.14(3) 
C27-O1-Na1 128.85(11) C25-O1-Na1 118.86(10) 
C31-O2-Na2 116.62(10) C29-O2-Na2 130.68(10) 
C7-N1-Na1 115.99(9) C1-N1-Na1 114.81(9) 
C1-N1-Na2 105.86(9) Na1-N1-Na2 82.93(4) 
C19-N2-Na1 112.57(9) C13-N2-Na1 103.47(8) 
C13-N2-Na2 115.19(9) Na1-N2-Na2 84.32(4) 
N1-C1-C6 126.80(13) C2-C1-C6 113.47(13) 
F1-C2-C1 118.07(13) C3-C2-C1 124.01(15) 
F2-C3-C2 119.88(15) C4-C3-C2 120.06(15) 
F3-C4-C5 120.63(16) C3-C4-C5 118.72(15) 
F4-C5-C6 119.79(15) C4-C5-C6 120.24(15) 
F5-C6-C1 119.00(13) C5-C6-C1 123.45(15) 
N1-C7-C12 127.52(13) C8-C7-C12 113.60(13) 
F6-C8-C7 117.81(12) C9-C8-C7 124.37(13) 
F7-C9-C8 120.44(14) C10-C9-C8 119.49(14) 
F8-C10-C9 121.44(14) C11-C10-C9 118.81(14) 
F9-C11-C12 120.19(14) C10-C11-C12 121.04(14) 
F10-C12-C7 119.61(13) C11-C12-C7 122.68(14) 
N2-C13-C18 127.18(13) C14-C13-C18 113.23(13) 
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C14-C13-Na1 103.34(9) C18-C13-Na1 112.18(9) 
F11-C14-C13 117.85(13) C15-C14-C13 124.43(14) 
F12-C15-C16 120.05(14) C14-C15-C16 119.92(14) 
F13-C16-C17 120.75(14) C15-C16-C17 118.41(14) 
F14-C17-C18 119.55(14) C16-C17-C18 120.63(14) 
F15-C18-C13 119.32(13) C17-C18-C13 123.37(14) 
N2-C19-C24 126.46(13) C20-C19-C24 113.91(13) 
F16-C20-C19 117.78(13) C21-C20-C19 124.25(14) 
F17-C21-C22 120.55(14) C20-C21-C22 119.38(15) 
F18-C22-C21 121.58(15) C23-C22-C21 118.66(14) 
F19-C23-C22 118.89(14) C24-C23-C22 121.26(14) 
F20-C24-C19 119.59(13) C23-C24-C19 122.52(14) 
O1-C27-C28 110.65(16) O2-C29-C30 109.76(14) 
C2-F1-Na1 120.61(8) C8-F6-Na2 116.13(8) 
C11-F9-Na2#1 118.18(9) C14-F11-Na2 120.42(8) 
C23-F19-Na1#2 127.28(9) F4-C5-C4 119.96(15) 
F19#1-Na1-F1 128.45(4) F5-C6-C5 117.53(14) 
F1-Na1-N2 94.92(4) N1-C7-C8 118.63(13) 
F1-Na1-F16 157.28(4) F6-C8-C9 117.81(13) 
F19#1-Na1-N1 89.28(4) F7-C9-C10 120.07(14) 
F16-Na1-N1 102.03(4) F8-C10-C11 119.69(14) 
F1-Na1-C13 74.68(4) F9-C11-C10 118.68(13) 
N1-Na1-C13 101.47(4) F10-C12-C11 117.66(13) 
F1-Na1-Na2 84.00(3) N2-C13-C14 119.28(13) 
N1-Na1-Na2 48.82(3) N2-C13-Na1 51.01(7) 
O2-Na2-F6 94.98(4) F11-C14-C15 117.72(13) 
F11-Na2-N2 66.94(4) F12-C15-C14 120.01(14) 
F11-Na2-N1 90.56(4) F13-C16-C15 120.84(14) 
O2-Na2-F9#2 89.55(4) F14-C17-C16 119.80(14) 
N2-Na2-F9#2 89.26(4) F15-C18-C17 117.27(13) 
F11-Na2-F8#2 78.21(4) N2-C19-C20 119.47(13) 
N1-Na2-F8#2 168.35(4) F16-C20-C21 117.94(13) 
F11-Na2-Na1 80.64(3) F17-C21-C20 120.07(14) 
N1-Na2-Na1 48.25(3) F18-C22-C23 119.75(14) 
C27-O1-C25 111.81(14) F19-C23-C24 119.82(14) 
C31-O2-C29 111.88(13) F20-C24-C23 117.86(13) 
C7-N1-C1 118.83(12) O1-C25-C26 113.09(15) 
C7-N1-Na2 111.97(9) O2-C31-C32 113.36(17) 
C19-N2-C13 118.66(12) C10-F8-Na2#1 113.78(9) 
C19-N2-Na2 116.24(9) C20-F16-Na1 114.74(8) 
N1-C1-C2 119.44(13) F2-C3-C4 120.01(15) 
F1-C2-C3 117.92(14) F3-C4-C3 120.65(16) 
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+1/2,z-1/2    #2 x,-y+1/2,z+1/2       
Table 3.6.8 Bond lengths of 3.2 (Å). 
Ce1-N1  2.4715(16) Ce1-N3  2.4863(17) Ce1-N4  2.4914(18) 
Ce1-N2  2.4927(17) Ce1-F21  2.6629(12) Ce1-F1  2.7508(13) 
Ce1-F11  2.8275(14) Ce1-F36  2.8982(13) Ce1-F31  2.9532(15) 
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N1-C1  1.380(3) N1-C7  1.407(3) N2-C19  1.394(3) 
N2-C13  1.394(3) N3-C25  1.379(3) N3-C31  1.411(3) 
N4-C37  1.393(3) N4-C43  1.394(3) C1-C2  1.395(3) 
C1-C6  1.405(3) C2-F1  1.366(2) C2-C3  1.369(3) 
C3-F2  1.343(2) C3-C4  1.378(3) C4-F3  1.342(2) 
C4-C5  1.373(3) C5-F4  1.343(2) C5-C6  1.378(3) 
C6-F5  1.351(2) C7-C8  1.387(3) C7-C12  1.394(3) 
C8-F6  1.352(3) C8-C9  1.386(3) C9-F7  1.335(3) 
C9-C10  1.374(4) C10-F8  1.342(3) C10-C11  1.374(4) 
C11-F9  1.345(3) C11-C12  1.380(3) C12-F10  1.344(3) 
C13-C14  1.391(3) C13-C18  1.399(3) C14-F11  1.366(3) 
C14-C15  1.374(3) C15-F12  1.342(3) C15-C16  1.376(4) 
C16-F13  1.340(3) C16-C17  1.380(3) C17-F14  1.344(3) 
C17-C18  1.376(3) C18-F15  1.347(2) C19-C20  1.388(3) 
C19-C24  1.398(3) C20-F16  1.359(2) C20-C21  1.380(3) 
C21-F17  1.338(3) C21-C22  1.376(3) C22-F18  1.345(2) 
C22-C23  1.376(3) C23-F19  1.340(2) C23-C24  1.378(3) 
C24-F20  1.346(2) C25-C26  1.397(3) C25-C30  1.410(3) 
C26-F21  1.367(2) C26-C27  1.375(3) C27-F22  1.335(3) 
C27-C28  1.386(3) C28-F23  1.338(3) C28-C29  1.374(4) 
C29-F24  1.342(3) C29-C30  1.382(3) C30-F25  1.355(3) 
C31-C32  1.384(3) C31-C36  1.393(3) C32-F26  1.346(3) 
C32-C33  1.380(3) C33-F27  1.351(3) C33-C34  1.365(4) 
C34-F28  1.343(3) C34-C35  1.374(4) C35-F29  1.336(3) 
C35-C36  1.379(4) C36-F30  1.341(3) C37-C38  1.393(3) 
C37-C42  1.401(3) C38-F31  1.362(3) C38-C39  1.375(3) 
C39-F32  1.341(3) C39-C40  1.375(4) C40-F33  1.346(3) 
C40-C41  1.375(4) C41-F34  1.344(3) C41-C42  1.376(4) 
C42-F35  1.346(3) C43-C44  1.393(3) C43-C48  1.400(3) 
C44-F36  1.360(2) C44-C45  1.376(3) C45-F37  1.338(3) 
C45-C46  1.375(3) C46-F38  1.343(3) C46-C47  1.377(4) 
C47-F39  1.340(3) C47-C48  1.378(3) C48-F40  1.348(3) 
Na1-O4  2.352(2) Na1-O2  2.3685(19) Na1-O1  2.3705(19) 
Na1-O3  2.446(2) O1-C51  1.431(3) O1-C49  1.440(3) 
O2-C55  1.427(3) O2-C53  1.441(3) O3-C59  1.449(4) 
O3-C57  1.455(4) O4-C61  1.420(4) O4-C63  1.447(4) 
C49-C50  1.475(4) C51-C52  1.489(4) C53-C54  1.491(4) 
C55-C56  1.495(4) C57-C58  1.423(5) C59-C60  1.453(5) 
C61-C62  1.472(5) C63-C64  1.481(5)   
 
Table 3.6.9 Bond angles of 3.2 (°). 
N1-Ce1-N3 115.92(6) N1-Ce1-N4 125.70(6) 
N1-Ce1-N2 101.99(6) N3-Ce1-N2 129.96(6) 
N1-Ce1-F21 71.35(5) N3-Ce1-F21 62.41(5) 
N2-Ce1-F21 104.53(5) N1-Ce1-F1 61.24(5) 
N4-Ce1-F1 94.18(5) N2-Ce1-F1 160.49(5) 
N1-Ce1-F11 115.67(5) N3-Ce1-F11 73.67(5) 
N2-Ce1-F11 60.59(5) F21-Ce1-F11 58.04(4) 
N1-Ce1-F36 170.10(5) N3-Ce1-F36 69.61(5) 
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N2-Ce1-F36 69.03(5) F21-Ce1-F36 106.20(4) 
F11-Ce1-F36 56.79(4) N1-Ce1-F31 67.75(5) 
N4-Ce1-F31 58.81(5) N2-Ce1-F31 109.97(5) 
F1-Ce1-F31 56.10(4) F11-Ce1-F31 170.09(4) 
C1-N1-C7 117.96(16) C1-N1-Ce1 125.97(13) 
C19-N2-C13 117.97(17) C19-N2-Ce1 119.57(13) 
C25-N3-C31 117.07(17) C25-N3-Ce1 123.60(13) 
C37-N4-C43 117.90(18) C37-N4-Ce1 122.58(13) 
N1-C1-C2 118.65(17) N1-C1-C6 128.18(18) 
F1-C2-C3 118.28(18) F1-C2-C1 116.70(18) 
F2-C3-C2 120.33(19) F2-C3-C4 120.17(19) 
F3-C4-C5 120.77(19) F3-C4-C3 120.9(2) 
F4-C5-C4 119.38(19) F4-C5-C6 119.51(19) 
F5-C6-C5 117.12(17) F5-C6-C1 120.02(18) 
C8-C7-C12 115.63(19) C8-C7-N1 120.18(19) 
F6-C8-C7 118.37(19) F6-C8-C9 118.6(2) 
F7-C9-C10 120.6(2) F7-C9-C8 120.3(2) 
F8-C10-C9 120.7(2) F8-C10-C11 119.4(2) 
F9-C11-C10 119.8(2) F9-C11-C12 120.2(2) 
F10-C12-C11 118.7(2) F10-C12-C7 119.01(18) 
C14-C13-N2 119.69(19) C14-C13-C18 114.08(19) 
F11-C14-C15 118.94(19) F11-C14-C13 116.88(19) 
F12-C15-C14 120.2(2) F12-C15-C16 120.2(2) 
F13-C16-C15 120.6(2) F13-C16-C17 120.8(2) 
F14-C17-C18 119.6(2) F14-C17-C16 120.1(2) 
F15-C18-C17 117.3(2) F15-C18-C13 119.75(19) 
C20-C19-N2 119.11(18) C20-C19-C24 114.26(19) 
F16-C20-C21 118.24(19) F16-C20-C19 117.79(18) 
F17-C21-C22 120.7(2) F17-C21-C20 119.8(2) 
F18-C22-C21 120.4(2) F18-C22-C23 120.7(2) 
F19-C23-C22 119.7(2) F19-C23-C24 119.9(2) 
F20-C24-C23 117.48(19) F20-C24-C19 119.51(19) 
N3-C25-C26 118.65(18) N3-C25-C30 128.6(2) 
F21-C26-C27 117.59(19) F21-C26-C25 116.68(18) 
F22-C27-C26 120.6(2) F22-C27-C28 120.4(2) 
F23-C28-C29 121.8(2) F23-C28-C27 120.1(2) 
F24-C29-C28 120.1(2) F24-C29-C30 118.4(2) 
F25-C30-C29 116.5(2) F25-C30-C25 120.7(2) 
C32-C31-C36 115.6(2) C32-C31-N3 121.26(19) 
F26-C32-C33 118.1(2) F26-C32-C31 119.54(19) 
F27-C33-C34 120.5(2) F27-C33-C32 119.3(2) 
F28-C34-C33 120.5(3) F28-C34-C35 120.0(3) 
F29-C35-C34 120.1(2) F29-C35-C36 120.4(3) 
F30-C36-C35 118.2(2) F30-C36-C31 119.1(2) 
N4-C37-C38 119.35(19) N4-C37-C42 126.1(2) 
F31-C38-C39 118.3(2) F31-C38-C37 117.4(2) 
F32-C39-C40 120.5(2) F32-C39-C38 120.2(2) 
F33-C40-C41 120.2(2) F33-C40-C39 120.8(3) 
F34-C41-C40 119.5(2) F34-C41-C42 119.8(2) 
F35-C42-C41 117.8(2) F35-C42-C37 119.5(2) 
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C44-C43-N4 119.44(19) C44-C43-C48 114.11(19) 
F36-C44-C45 118.3(2) F36-C44-C43 117.49(18) 
F37-C45-C46 120.3(2) F37-C45-C44 120.2(2) 
F38-C46-C45 120.6(2) F38-C46-C47 120.5(2) 
F39-C47-C48 119.8(2) F39-C47-C46 119.5(2) 
F40-C48-C47 117.5(2) F40-C48-C43 119.7(2) 
C2-F1-Ce1 117.26(11) C14-F11-Ce1 112.99(11) 
C38-F31-Ce1 108.87(12) C44-F36-Ce1 107.63(11) 
O4-Na1-O1 132.74(8) O2-Na1-O1 87.92(6) 
O2-Na1-O3 148.40(8) O1-Na1-O3 100.14(7) 
C51-O1-Na1 116.31(14) C49-O1-Na1 132.67(15) 
C55-O2-Na1 120.43(14) C53-O2-Na1 126.17(15) 
C59-O3-Na1 115.82(17) C57-O3-Na1 137.5(2) 
C61-O4-Na1 134.82(19) C63-O4-Na1 111.49(17) 
O1-C51-C52 109.8(2) O2-C53-C54 114.9(2) 
C58-C57-O3 107.9(3) O3-C59-C60 109.6(2) 
O4-C63-C64 114.3(3) C22-C21-C20 119.5(2) 
N3-Ce1-N4 94.56(6) C21-C22-C23 118.9(2) 
N4-Ce1-N2 88.04(6) C22-C23-C24 120.3(2) 
N4-Ce1-F21 156.83(5) C23-C24-C19 123.0(2) 
N3-Ce1-F1 69.24(5) C26-C25-C30 112.66(19) 
F21-Ce1-F1 80.48(4) C27-C26-C25 125.7(2) 
N4-Ce1-F11 115.57(5) C26-C27-C28 119.0(2) 
F1-Ce1-F11 133.80(4) C29-C28-C27 118.2(2) 
N4-Ce1-F36 59.75(5) C28-C29-C30 121.5(2) 
F1-Ce1-F36 128.35(4) C29-C30-C25 122.8(2) 
N3-Ce1-F31 113.86(5) C36-C31-N3 123.1(2) 
F21-Ce1-F31 130.58(4) C33-C32-C31 122.4(2) 
F36-Ce1-F31 118.54(4) C34-C33-C32 120.3(3) 
C7-N1-Ce1 114.73(12) C33-C34-C35 119.5(2) 
C13-N2-Ce1 122.23(13) C34-C35-C36 119.5(2) 
C31-N3-Ce1 118.54(13) C35-C36-C31 122.7(2) 
C43-N4-Ce1 119.52(14) C38-C37-C42 114.2(2) 
C2-C1-C6 113.13(18) C39-C38-C37 124.3(2) 
C3-C2-C1 125.02(19) C40-C39-C38 119.3(2) 
C2-C3-C4 119.50(19) C41-C40-C39 119.0(2) 
C5-C4-C3 118.31(19) C40-C41-C42 120.7(2) 
C4-C5-C6 121.10(19) C41-C42-C37 122.6(2) 
C5-C6-C1 122.84(19) N4-C43-C48 126.2(2) 
C12-C7-N1 123.99(19) C45-C44-C43 124.2(2) 
C7-C8-C9 123.1(2) C46-C45-C44 119.5(2) 
C10-C9-C8 119.1(2) C45-C46-C47 118.9(2) 
C9-C10-C11 119.8(2) C48-C47-C46 120.6(2) 
C10-C11-C12 120.0(2) C47-C48-C43 122.7(2) 
C11-C12-C7 122.3(2) C26-F21-Ce1 118.62(11) 
N2-C13-C18 126.01(19) O4-Na1-O2 91.98(7) 
C15-C14-C13 124.1(2) O4-Na1-O3 103.99(7) 
C14-C15-C16 119.7(2) C51-O1-C49 109.20(18) 
C15-C16-C17 118.7(2) C55-O2-C53 112.4(2) 
C18-C17-C16 120.4(2) C59-O3-C57 105.4(3) 
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C17-C18-C13 123.0(2) C61-O4-C63 113.1(2) 
N2-C19-C24 126.39(19) O1-C49-C50 109.8(2) 
C21-C20-C19 124.0(2) O2-C55-C56 109.2(2) 
O4-C61-C62 111.0(3)   
 
Table 3.6.10 Bond lengths of 3.3-tol (Å). 
Ce1-N1  2.4119(17) Ce1-N3  2.4310(17) Ce1-N2  2.4366(17) 
Ce1-F11  2.5855(12) Ce1-F1  2.6264(12) Ce1-F21  2.6985(12) 
Ce1-C40  3.031(2) Ce1-C41  3.034(2) N1-C1  1.384(3) 
N1-C7  1.412(3) N2-C13  1.381(3) N2-C19  1.404(3) 
N3-C25  1.399(3) N3-C31  1.413(3) C1-C2  1.391(3) 
C1-C6  1.403(3) C2-F1  1.372(2) C2-C3  1.377(3) 
C3-F2  1.336(2) C3-C4  1.374(3) C4-F3  1.345(2) 
C4-C5  1.375(3) C5-F4  1.334(3) C5-C6  1.380(3) 
C6-F5  1.345(2) C7-C8  1.390(3) C7-C12  1.394(3) 
C8-F6  1.351(2) C8-C9  1.379(3) C9-F7  1.342(3) 
C9-C10  1.372(3) C10-F8  1.342(2) C10-C11  1.382(3) 
C11-F9  1.341(3) C11-C12  1.377(3) C12-F10  1.340(2) 
C13-C14  1.392(3) C13-C18  1.406(3) C14-C15  1.371(3) 
C14-F11  1.375(2) C15-F12  1.334(2) C15-C16  1.375(3) 
C16-F13  1.342(2) C16-C17  1.370(3) C17-F14  1.343(2) 
C17-C18  1.380(3) C18-F15  1.344(2) C19-C24  1.389(3) 
C19-C20  1.395(3) C20-F16  1.343(3) C20-C21  1.384(3) 
C21-F17  1.337(3) C21-C22  1.375(4) C22-F18  1.341(3) 
C22-C23  1.372(4) C23-F19  1.340(3) C23-C24  1.380(3) 
C24-F20  1.351(3) C25-C26  1.388(3) C25-C30  1.400(3) 
C26-F21  1.367(2) C26-C27  1.379(3) C27-F22  1.337(3) 
C27-C28  1.368(3) C28-F23  1.345(3) C28-C29  1.378(4) 
C29-F24  1.346(3) C29-C30  1.381(3) C30-F25  1.346(3) 
C31-C36  1.389(3) C31-C32  1.392(3) C32-F26  1.337(2) 
C32-C33  1.377(3) C33-F27  1.341(3) C33-C34  1.367(3) 
C34-F28  1.344(2) C34-C35  1.374(3) C35-F29  1.340(3) 
C35-C36  1.380(3) C36-F30  1.346(2) C37-C38  1.392(3) 
C37-C42  1.399(3) C37-C43  1.499(4) C38-C39  1.378(4) 
C39-C40  1.380(4) C40-C41  1.387(4) C41-C42  1.378(4) 
 
Table 3.6.11 Bond angles of 3.3-tol (°). 
N1-Ce1-N3 132.40(6) N1-Ce1-N2 96.39(6) 
N1-Ce1-F11 95.63(5) N3-Ce1-F11 127.54(5) 
N1-Ce1-F1 63.30(5) N3-Ce1-F1 76.14(5) 
F11-Ce1-F1 156.25(4) N1-Ce1-F21 161.68(5) 
N2-Ce1-F21 74.07(5) F11-Ce1-F21 66.18(4) 
N1-Ce1-C40 121.93(6) N3-Ce1-C40 80.66(7) 
F11-Ce1-C40 91.34(6) F1-Ce1-C40 91.19(6) 
N1-Ce1-C41 112.00(7) N3-Ce1-C41 103.72(7) 
F11-Ce1-C41 67.07(6) F1-Ce1-C41 109.04(6) 
C40-Ce1-C41 26.44(8) C1-N1-C7 117.78(17) 
C7-N1-Ce1 117.06(13) C13-N2-C19 119.06(17) 
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C19-N2-Ce1 117.89(12) C25-N3-C31 115.18(17) 
C31-N3-Ce1 124.36(13) N1-C1-C2 117.94(18) 
C2-C1-C6 113.56(18) F1-C2-C3 118.34(18) 
C3-C2-C1 125.2(2) F2-C3-C4 121.01(19) 
C4-C3-C2 118.7(2) F3-C4-C3 120.3(2) 
C3-C4-C5 119.0(2) F4-C5-C4 120.0(2) 
C4-C5-C6 120.9(2) F5-C6-C5 117.41(19) 
C5-C6-C1 122.5(2) C8-C7-C12 115.56(19) 
C12-C7-N1 123.53(19) F6-C8-C9 117.5(2) 
C9-C8-C7 123.0(2) F7-C9-C10 121.0(2) 
C10-C9-C8 119.4(2) F8-C10-C9 120.5(2) 
C9-C10-C11 119.6(2) F9-C11-C12 120.4(2) 
C12-C11-C10 119.8(2) F10-C12-C11 118.41(19) 
C11-C12-C7 122.4(2) N2-C13-C14 117.83(18) 
C14-C13-C18 113.15(18) C15-C14-F11 117.88(18) 
F11-C14-C13 116.59(17) F12-C15-C14 120.6(2) 
C14-C15-C16 118.9(2) F13-C16-C17 121.2(2) 
C17-C16-C15 118.6(2) F14-C17-C16 119.4(2) 
C16-C17-C18 121.4(2) F15-C18-C17 117.43(19) 
C17-C18-C13 122.3(2) C24-C19-C20 115.49(19) 
C20-C19-N2 125.19(19) F16-C20-C21 118.5(2) 
C21-C20-C19 122.4(2) F17-C21-C22 120.3(2) 
C22-C21-C20 119.8(2) F18-C22-C23 120.2(2) 
C23-C22-C21 119.8(2) F19-C23-C22 119.8(2) 
C22-C23-C24 119.5(2) F20-C24-C23 119.27(19) 
C23-C24-C19 123.0(2) C26-C25-N3 120.20(19) 
N3-C25-C30 125.7(2) F21-C26-C27 117.70(19) 
C27-C26-C25 124.7(2) F22-C27-C28 120.8(2) 
C28-C27-C26 119.2(2) F23-C28-C27 120.7(2) 
C27-C28-C29 119.0(2) F24-C29-C28 119.8(2) 
C28-C29-C30 120.7(2) F25-C30-C29 117.9(2) 
C29-C30-C25 122.5(2) C36-C31-C32 115.53(19) 
C32-C31-N3 122.37(19) F26-C32-C33 117.73(19) 
C33-C32-C31 122.3(2) F27-C33-C34 119.7(2) 
C34-C33-C32 120.2(2) F28-C34-C33 119.8(2) 
C33-C34-C35 119.5(2) F29-C35-C34 120.4(2) 
C34-C35-C36 119.6(2) F30-C36-C35 118.2(2) 
C35-C36-C31 122.7(2) C38-C37-C42 117.3(2) 
C42-C37-C43 121.6(2) C39-C38-C37 121.3(2) 
C39-C40-C41 118.9(2) C39-C40-Ce1 82.44(14) 
C42-C41-C40 120.4(2) C42-C41-Ce1 83.19(14) 
C41-C42-C37 121.3(2) C2-F1-Ce1 117.32(11) 
C26-F21-Ce1 111.80(11) F13-C16-C15 120.2(2) 
N3-Ce1-N2 87.71(6) F14-C17-C18 119.2(2) 
N2-Ce1-F11 63.69(5) F15-C18-C13 120.22(19) 
N2-Ce1-F1 126.12(5) C24-C19-N2 119.08(19) 
N3-Ce1-F21 63.96(5) F16-C20-C19 119.2(2) 
F1-Ce1-F21 134.95(4) F17-C21-C20 119.9(2) 
N2-Ce1-C40 136.85(7) F18-C22-C21 120.0(2) 
F21-Ce1-C40 63.44(6) F19-C23-C24 120.7(2) 
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N2-Ce1-C41 124.75(6) F20-C24-C19 117.68(19) 
F21-Ce1-C41 64.25(6) C26-C25-C30 114.0(2) 
C1-N1-Ce1 124.10(13) F21-C26-C25 117.62(18) 
C13-N2-Ce1 122.59(13) F22-C27-C26 120.0(2) 
C25-N3-Ce1 118.87(13) F23-C28-C29 120.4(2) 
N1-C1-C6 128.43(19) F24-C29-C30 119.5(2) 
F1-C2-C1 116.40(17) F25-C30-C25 119.6(2) 
F2-C3-C2 120.2(2) C36-C31-N3 121.99(19) 
F3-C4-C5 120.7(2) F26-C32-C31 119.94(19) 
F4-C5-C6 119.1(2) F27-C33-C32 120.1(2) 
F5-C6-C1 120.10(18) F28-C34-C35 120.6(2) 
C8-C7-N1 120.87(19) F29-C35-C36 120.0(2) 
F6-C8-C7 119.42(19) F30-C36-C31 119.12(19) 
F7-C9-C8 119.6(2) C38-C37-C43 121.0(2) 
F8-C10-C11 119.9(2) C38-C39-C40 120.7(2) 
F9-C11-C10 119.8(2) C41-C40-Ce1 76.92(14) 
F10-C12-C7 119.18(19) C40-C41-Ce1 76.64(14) 
N2-C13-C18 128.93(19) C14-F11-Ce1 117.99(11) 
C15-C14-C13 125.52(19) F12-C15-C16 120.4(2) 
 
Table 3.6.12 Bond lengths of 3.3-mes (Å). 
Ce1-N2  2.402(4) Ce1-N3  2.468(4) Ce1-N1  2.468(4) 
Ce1-F1  2.673(3) Ce1-F21  2.755(3) Ce1-F11  2.780(3) 
Ce1-F6  2.841(3) F1-C2  1.373(6) F2-C3  1.338(6) 
F3-C4  1.344(6) F4-C5  1.346(6) F5-C6  1.338(6) 
F6-C8  1.368(6) F7-C9  1.348(6) F8-C10  1.341(6) 
F9-C11  1.341(7) F10-C12  1.335(6) F11-C14  1.372(6) 
F12-C15  1.341(6) F13-C16  1.339(6) F14-C17  1.336(6) 
F15-C18  1.346(6) F16-C20  1.335(6) F17-C21  1.339(7) 
F18-C22  1.354(6) F19-C23  1.339(7) F20-C24  1.350(6) 
F21-C26  1.359(6) F22-C27  1.336(7) F23-C28  1.341(7) 
F24-C29  1.345(7) F25-C30  1.352(7) F26-C32  1.342(6) 
F27-C33  1.342(7) F28-C34  1.336(7) F29-C35  1.337(6) 
F30-C36  1.351(6) N1-C7  1.390(6) N1-C1  1.395(6) 
N2-C13  1.403(6) N2-C19  1.425(6) N3-C25  1.395(6) 
N3-C31  1.407(7) C1-C2  1.391(7) C1-C6  1.396(7) 
C2-C3  1.376(7) C3-C4  1.369(8) C4-C5  1.373(8) 
C5-C6  1.392(7) C7-C8  1.387(7) C7-C12  1.401(8) 
C8-C9  1.379(8) C9-C10  1.365(9) C10-C11  1.373(9) 
C11-C12  1.385(8) C13-C14  1.384(6) C13-C18  1.389(7) 
C14-C15  1.378(7) C15-C16  1.377(8) C16-C17  1.374(7) 
C17-C18  1.379(7) C19-C20  1.375(7) C19-C24  1.392(7) 
C20-C21  1.397(7) C21-C22  1.368(9) C22-C23  1.358(9) 
C23-C24  1.380(7) C25-C26  1.392(8) C25-C30  1.402(7) 
C26-C27  1.378(8) C27-C28  1.371(9) C28-C29  1.371(10) 
C29-C30  1.374(8) C31-C36  1.388(7) C31-C32  1.396(8) 
C32-C33  1.383(9) C33-C34  1.360(9) C34-C35  1.387(8) 
C35-C36  1.383(7) Ce1'-N2'  2.396(4) Ce1'-N3'  2.450(4) 
Ce1'-N1'  2.454(4) Ce1'-F1'  2.637(3) Ce1'-F21'  2.795(3) 
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Ce1'-F11'  2.809(3) Ce1'-C42'  3.066(5) F1'-C2'  1.379(5) 
F2'-C3'  1.329(7) F3'-C4'  1.333(6) F4'-C5'  1.354(6) 
F5'-C6'  1.345(7) F6'-C8'  1.360(6) F7'-C9'  1.351(7) 
F8'-C10'  1.342(7) F9'-C11'  1.348(7) F10'-C12'  1.336(6) 
F11'-C14'  1.371(5) F12'-C15'  1.346(6) F13'-C16'  1.345(6) 
F14'-C17'  1.337(6) F15'-C18'  1.337(6) F16'-C20'  1.342(6) 
F17'-C21'  1.340(6) F18'-C22'  1.334(6) F19'-C23'  1.331(7) 
F20'-C24'  1.349(6) F21'-C26'  1.366(6) F22'-C27'  1.323(7) 
F23'-C28'  1.347(7) F24'-C29'  1.347(8) F25'-C30'  1.349(8) 
F26'-C32'  1.354(6) F27'-C33'  1.337(6) F28'-C34'  1.339(6) 
F29'-C35'  1.336(6) F30'-C36'  1.345(6) N1'-C1'  1.391(6) 
N1'-C7'  1.390(6) N2'-C13'  1.403(6) N2'-C19'  1.422(6) 
N3'-C25'  1.387(6) N3'-C31'  1.400(6) C1'-C2'  1.381(7) 
C1'-C6'  1.406(7) C2'-C3'  1.374(7) C3'-C4'  1.384(8) 
C4'-C5'  1.365(9) C5'-C6'  1.385(8) C7'-C8'  1.395(7) 
C7'-C12'  1.396(7) C8'-C9'  1.359(8) C9'-C10'  1.374(9) 
C10'-C11'  1.370(9) C11'-C12'  1.375(8) C13'-C14'  1.379(7) 
C13'-C18'  1.398(7) C14'-C15'  1.380(7) C15'-C16'  1.362(8) 
C16'-C17'  1.383(8) C17'-C18'  1.388(7) C19'-C20'  1.382(7) 
C19'-C24'  1.391(7) C20'-C21'  1.377(7) C21'-C22'  1.371(9) 
C22'-C23'  1.378(8) C23'-C24'  1.391(7) C25'-C26'  1.388(7) 
C25'-C30'  1.397(8) C26'-C27'  1.382(7) C27'-C28'  1.356(10) 
C28'-C29'  1.356(11) C29'-C30'  1.379(10) C31'-C32'  1.395(7) 
C31'-C36'  1.397(7) C32'-C33'  1.375(7) C33'-C34'  1.371(8) 
C34'-C35'  1.385(8) C35'-C36'  1.370(7) C37-C42  1.397(9) 
C37-C38  1.422(9) C37-C43  1.515(9) C38-C39  1.349(9) 
C39-C40  1.391(9) C39-C44  1.503(8) C40-C41  1.414(8) 
C41-C42  1.383(9) C41-C45  1.505(9) C37'-C42'  1.396(8) 
C37'-C38'  1.402(7) C37'-C43'  1.502(7) C38'-C39'  1.387(7) 
C39'-C40'  1.396(7) C39'-C44'  1.499(7) C40'-C41'  1.411(7) 
C41'-C42'  1.384(8) C41'-C45'  1.504(7)   
 
Table 3.6.13 Bond angles of 3.3-mes (°). 
N2-Ce1-N3 88.64(14) N2-Ce1-N1 122.04(13) 
N2-Ce1-F1 69.29(11) N3-Ce1-F1 129.54(12) 
N2-Ce1-F21 118.27(11) N3-Ce1-F21 61.24(11) 
F1-Ce1-F21 168.45(9) N2-Ce1-F11 62.90(11) 
N1-Ce1-F11 173.19(11) F1-Ce1-F11 125.24(9) 
N2-Ce1-F6 160.08(12) N3-Ce1-F6 71.85(12) 
F1-Ce1-F6 120.16(9) F21-Ce1-F6 55.90(9) 
C2-F1-Ce1 117.8(3) C8-F6-Ce1 104.6(3) 
C26-F21-Ce1 115.2(3) C7-N1-C1 119.6(4) 
C1-N1-Ce1 124.0(3) C13-N2-C19 112.6(4) 
C19-N2-Ce1 130.0(3) C25-N3-C31 117.7(4) 
C31-N3-Ce1 118.4(3) C2-C1-N1 117.2(4) 
N1-C1-C6 128.4(4) F1-C2-C3 118.8(4) 
C3-C2-C1 125.0(5) F2-C3-C4 120.8(5) 
C4-C3-C2 118.9(5) F3-C4-C3 121.1(5) 
C3-C4-C5 118.7(5) F4-C5-C4 120.1(5) 
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C4-C5-C6 121.4(5) F5-C6-C5 118.4(4) 
C5-C6-C1 121.5(5) C8-C7-N1 118.6(5) 
N1-C7-C12 126.8(5) F6-C8-C9 119.2(5) 
C9-C8-C7 124.2(5) F7-C9-C10 121.1(5) 
C10-C9-C8 119.9(5) F8-C10-C9 120.4(6) 
C9-C10-C11 118.3(5) F9-C11-C10 118.9(5) 
C10-C11-C12 121.4(6) F10-C12-C11 117.6(5) 
C11-C12-C7 121.9(5) C14-C13-C18 113.9(4) 
C18-C13-N2 125.3(4) F11-C14-C15 118.1(4) 
C15-C14-C13 125.0(5) F12-C15-C16 120.5(5) 
C16-C15-C14 118.9(4) F13-C16-C17 121.0(5) 
C17-C16-C15 118.6(5) F14-C17-C16 118.8(5) 
C16-C17-C18 120.8(5) F15-C18-C17 117.1(4) 
C17-C18-C13 122.9(5) C20-C19-C24 115.5(4) 
C24-C19-N2 121.2(4) F16-C20-C19 119.7(4) 
C19-C20-C21 122.6(5) F17-C21-C22 121.6(5) 
C22-C21-C20 118.9(5) F18-C22-C23 120.0(6) 
C23-C22-C21 120.9(5) F19-C23-C22 120.4(5) 
C22-C23-C24 118.9(6) F20-C24-C23 117.4(5) 
C23-C24-C19 123.2(5) N3-C25-C26 118.4(4) 
C26-C25-C30 113.1(5) F21-C26-C27 117.5(5) 
C27-C26-C25 125.4(5) F22-C27-C28 120.1(5) 
C28-C27-C26 119.0(6) F23-C28-C27 121.4(6) 
C27-C28-C29 117.9(6) F24-C29-C28 119.0(6) 
C28-C29-C30 122.2(6) F25-C30-C29 119.0(5) 
C29-C30-C25 122.2(6) C36-C31-C32 115.6(5) 
C32-C31-N3 125.1(5) F26-C32-C33 118.3(5) 
C33-C32-C31 121.9(5) F27-C33-C34 119.9(6) 
C34-C33-C32 120.8(5) F28-C34-C33 120.9(6) 
C33-C34-C35 119.4(5) F29-C35-C36 120.4(5) 
C36-C35-C34 119.0(5) F30-C36-C35 119.1(5) 
C35-C36-C31 123.2(5) N2'-Ce1'-N3' 89.61(13) 
N3'-Ce1'-N1' 94.38(14) N2'-Ce1'-F1' 70.03(11) 
N1'-Ce1'-F1' 62.24(11) N2'-Ce1'-F21' 118.79(12) 
N1'-Ce1'-F21' 114.05(12) F1'-Ce1'-F21' 168.51(9) 
N3'-Ce1'-F11' 75.94(12) N1'-Ce1'-F11' 169.97(11) 
F21'-Ce1'-F11' 59.10(9) N2'-Ce1'-C42' 129.23(14) 
N1'-Ce1'-C42' 97.98(15) F1'-Ce1'-C42' 108.16(12) 
F11'-Ce1'-C42' 85.00(12) C2'-F1'-Ce1' 118.3(3) 
C26'-F21'-Ce1' 112.5(3) C1'-N1'-C7' 119.6(4) 
C7'-N1'-Ce1' 115.3(3) C13'-N2'-C19' 113.5(4) 
C19'-N2'-Ce1' 129.0(3) C25'-N3'-C31' 117.2(4) 
C31'-N3'-Ce1' 120.1(3) C2'-C1'-N1' 117.9(4) 
N1'-C1'-C6' 128.6(5) C3'-C2'-F1' 117.8(5) 
F1'-C2'-C1' 115.9(4) F2'-C3'-C2' 121.2(5) 
C2'-C3'-C4' 118.2(5) F3'-C4'-C5' 121.0(5) 
C5'-C4'-C3' 118.4(5) F4'-C5'-C4' 119.8(5) 
C4'-C5'-C6' 122.0(5) F5'-C6'-C5' 118.8(5) 
C5'-C6'-C1' 121.6(5) N1'-C7'-C8' 118.9(5) 
C8'-C7'-C12' 115.1(5) C9'-C8'-F6' 119.4(5) 
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F6'-C8'-C7' 116.9(4) F7'-C9'-C8' 120.4(5) 
C8'-C9'-C10' 119.8(6) F8'-C10'-C11' 120.2(6) 
C11'-C10'-C9' 118.7(6) F9'-C11'-C10' 119.6(6) 
C10'-C11'-C12' 121.3(6) F10'-C12'-C11' 118.2(5) 
C11'-C12'-C7' 121.5(5) C14'-C13'-C18' 114.3(4) 
C18'-C13'-N2' 125.2(4) F11'-C14'-C13' 117.2(4) 
C13'-C14'-C15' 124.8(5) F12'-C15'-C16' 120.7(5) 
C16'-C15'-C14' 119.1(5) F13'-C16'-C15' 121.3(6) 
C15'-C16'-C17' 119.2(5) F14'-C17'-C16' 120.1(5) 
C16'-C17'-C18' 120.3(5) F15'-C18'-C17' 117.6(5) 
C17'-C18'-C13' 122.3(5) C20'-C19'-C24' 115.8(4) 
C24'-C19'-N2' 120.8(4) F16'-C20'-C21' 118.1(5) 
C21'-C20'-C19' 122.5(5) F17'-C21'-C22' 120.1(5) 
C22'-C21'-C20' 120.5(5) F18'-C22'-C21' 120.9(5) 
C21'-C22'-C23' 119.2(5) F19'-C23'-C22' 120.5(5) 
C22'-C23'-C24' 119.3(5) F20'-C24'-C23' 118.1(5) 
C23'-C24'-C19' 122.6(5) N3'-C25'-C26' 119.1(4) 
C26'-C25'-C30' 113.3(5) F21'-C26'-C27' 118.2(5) 
C27'-C26'-C25' 124.9(5) F22'-C27'-C28' 121.0(6) 
C28'-C27'-C26' 119.0(6) F23'-C28'-C27' 120.4(7) 
C27'-C28'-C29' 119.0(6) F24'-C29'-C28' 120.0(7) 
C28'-C29'-C30' 121.6(6) F25'-C30'-C29' 119.3(6) 
C29'-C30'-C25' 122.2(6) C32'-C31'-C36' 114.9(4) 
C36'-C31'-N3' 120.4(4) F26'-C32'-C33' 117.7(5) 
C33'-C32'-C31' 122.9(5) F27'-C33'-C34' 119.9(5) 
C34'-C33'-C32' 120.0(5) F28'-C34'-C33' 120.6(5) 
C33'-C34'-C35' 119.3(5) F29'-C35'-C36' 120.4(5) 
C36'-C35'-C34' 119.7(5) F30'-C36'-C35' 119.6(5) 
C35'-C36'-C31' 123.1(5) C42-C37-C38 116.7(6) 
C38-C37-C43 122.0(6) C39-C38-C37 122.7(6) 
C38-C39-C44 121.2(6) C40-C39-C44 119.5(6) 
C42-C41-C40 118.4(6) C42-C41-C45 121.5(6) 
C41-C42-C37 122.1(6) C42'-C37'-C38' 117.2(5) 
C38'-C37'-C43' 121.6(5) C39'-C38'-C37' 122.9(5) 
C38'-C39'-C44' 121.8(5) C40'-C39'-C44' 120.3(4) 
C42'-C41'-C40' 118.1(5) C42'-C41'-C45' 122.4(5) 
C41'-C42'-C37' 122.4(5) C41'-C42'-Ce1' 78.9(3) 
N3-Ce1-N1 99.74(13) C2'-C1'-C6' 113.4(5) 
N1-Ce1-F1 61.47(11) C3'-C2'-C1' 126.2(5) 
N1-Ce1-F21 115.73(11) F2'-C3'-C4' 120.6(5) 
N3-Ce1-F11 75.12(12) F3'-C4'-C3' 120.6(6) 
F21-Ce1-F11 57.99(9) F4'-C5'-C6' 118.2(6) 
N1-Ce1-F6 59.84(11) F5'-C6'-C1' 119.6(5) 
F11-Ce1-F6 113.81(9) N1'-C7'-C12' 125.6(5) 
C14-F11-Ce1 107.3(2) C9'-C8'-C7' 123.6(5) 
C7-N1-Ce1 115.5(3) F7'-C9'-C10' 119.8(5) 
C13-N2-Ce1 117.0(3) F8'-C10'-C9' 121.1(6) 
C25-N3-Ce1 123.5(3) F9'-C11'-C12' 119.1(6) 
C2-C1-C6 114.1(4) F10'-C12'-C7' 120.3(5) 
F1-C2-C1 116.2(4) C14'-C13'-N2' 120.4(4) 
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F2-C3-C2 120.2(5) F11'-C14'-C15' 118.0(5) 
F3-C4-C5 120.1(5) F12'-C15'-C14' 120.2(5) 
F4-C5-C6 118.3(5) F13'-C16'-C17' 119.5(5) 
F5-C6-C1 120.1(4) F14'-C17'-C18' 119.5(5) 
C8-C7-C12 114.2(5) F15'-C18'-C13' 120.1(4) 
F6-C8-C7 116.6(5) C20'-C19'-N2' 123.3(5) 
F7-C9-C8 118.9(5) F16'-C20'-C19' 119.4(4) 
F8-C10-C11 121.3(6) F17'-C21'-C20' 119.4(6) 
F9-C11-C12 119.8(5) F18'-C22'-C23' 119.9(6) 
F10-C12-C7 120.5(5) F19'-C23'-C24' 120.1(5) 
C14-C13-N2 120.7(4) F20'-C24'-C19' 119.3(4) 
F11-C14-C13 116.9(4) N3'-C25'-C30' 127.4(5) 
F12-C15-C14 120.6(5) F21'-C26'-C25' 116.8(4) 
F13-C16-C15 120.4(5) F22'-C27'-C26' 120.0(6) 
F14-C17-C18 120.4(5) F23'-C28'-C29' 120.6(7) 
F15-C18-C13 119.9(4) F24'-C29'-C30' 118.4(8) 
C20-C19-N2 123.3(5) F25'-C30'-C25' 118.5(6) 
F16-C20-C21 117.7(5) C32'-C31'-N3' 124.4(5) 
F17-C21-C20 119.5(6) F26'-C32'-C31' 119.3(4) 
F18-C22-C21 119.1(6) F27'-C33'-C32' 119.9(5) 
F19-C23-C24 120.7(6) F28'-C34'-C35' 120.1(5) 
F20-C24-C19 119.4(4) F29'-C35'-C34' 120.0(5) 
N3-C25-C30 128.3(5) F30'-C36'-C31' 117.2(4) 
F21-C26-C25 117.0(4) C42-C37-C43 121.3(6) 
F22-C27-C26 120.8(6) C38-C39-C40 119.3(5) 
F23-C28-C29 120.6(6) C39-C40-C41 120.7(6) 
F24-C29-C30 118.8(6) C40-C41-C45 119.9(6) 
F25-C30-C25 118.8(5) C42'-C37'-C43' 121.1(5) 
C36-C31-N3 119.1(4) C38'-C39'-C40' 117.6(4) 
F26-C32-C31 119.8(5) C39'-C40'-C41' 121.7(5) 
F27-C33-C32 119.2(6) C40'-C41'-C45' 119.3(5) 
F28-C34-C35 119.6(6) C37'-C42'-Ce1' 79.1(3) 
F29-C35-C34 120.5(5) N3'-Ce1'-C42' 120.51(13) 
F30-C36-C31 117.7(4) F21'-Ce1'-C42' 60.82(11) 
N2'-Ce1'-N1' 121.12(13) C14'-F11'-Ce1' 106.5(2) 
N3'-Ce1'-F1' 128.73(12) C1'-N1'-Ce1' 123.6(3) 
N3'-Ce1'-F21' 61.01(11) C13'-N2'-Ce1' 117.0(3) 
N2'-Ce1'-F11' 62.30(11) C25'-N3'-Ce1' 122.3(3) 
F1'-Ce1'-F11' 126.01(8)   
 
Table 3.6.14 Bond lengths of K(OEt2)N(SiMe3)(C6F5) (Å). 
K1-F1  2.7313(14) K1-O1  2.7403(19) K1-N1  2.8455(18) 
K1-F3#1  2.8969(14) K1-N1#2  2.920(2) K1-F2#3  2.9258(15) 
K1-F4#1  2.9622(15) Si1-N1  1.709(2) Si1-C8  1.876(3) 
Si1-C9  1.879(2) Si1-C7  1.879(3) F1-C2  1.364(2) 
F2-C3  1.350(3) F2-K1#3  2.9258(15) F3-C4  1.351(2) 
F3-K1#4  2.8969(14) F4-C5  1.356(2) F4-K1#4  2.9622(15) 
F5-C6  1.350(3) O1-C12  1.422(4) O1-C10  1.428(3) 
N1-C1  1.345(3) N1-K1#2  2.920(2) C1-C2  1.423(3) 
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C1-C6  1.425(3) C2-C3  1.371(3) C3-C4  1.387(3) 
C4-C5  1.376(3) C5-C6  1.380(3) C10-C11  1.504(5) 
C12-C13  1.493(4)     
Symmetry transformations used to generate equivalent atoms:  
#1 x-1,y,z    #2 -x+1,-y+1,-z+1    #3 -x+1,-y+1,-z      
#4 x+1,y,z      
Table 3.6.15 Bond angles of K(OEt2)N(SiMe3)(C6F5) (°). 
F1-K1-O1 105.70(5) F1-K1-N1 59.29(5) 
F1-K1-F3#1 128.49(4) O1-K1-F3#1 80.44(5) 
F1-K1-N1#2 87.50(5) O1-K1-N1#2 165.50(6) 
F3#1-K1-N1#2 86.67(5) F1-K1-F2#3 70.65(4) 
N1-K1-F2#3 121.47(5) F3#1-K1-F2#3 66.49(4) 
F1-K1-F4#1 176.08(4) O1-K1-F4#1 75.86(5) 
F3#1-K1-F4#1 55.13(4) N1#2-K1-F4#1 91.35(5) 
N1-Si1-C8 114.13(12) N1-Si1-C9 107.22(10) 
N1-Si1-C7 113.25(11) C8-Si1-C7 110.04(13) 
C2-F1-K1 122.76(13) C3-F2-K1#3 149.13(14) 
C5-F4-K1#4 121.86(13) C12-O1-C10 113.2(2) 
C10-O1-K1 123.59(16) C1-N1-Si1 127.53(16) 
Si1-N1-K1 108.82(8) C1-N1-K1#2 95.62(14) 
K1-N1-K1#2 88.86(6) N1-C1-C2 121.30(19) 
C2-C1-C6 111.45(19) F1-C2-C3 116.76(19) 
C3-C2-C1 125.37(19) F2-C3-C2 120.46(19) 
C2-C3-C4 120.2(2) F3-C4-C5 120.57(19) 
C5-C4-C3 117.7(2) F4-C5-C4 118.58(19) 
C4-C5-C6 121.67(19) F5-C6-C5 116.94(19) 
C5-C6-C1 123.7(2) O1-C10-C11 112.7(2) 
O1-K1-N1 100.68(6) C4-F3-K1#4 123.47(13) 
N1-K1-F3#1 171.72(5) C12-O1-K1 122.84(16) 
N1-K1-N1#2 91.14(6) C1-N1-K1 117.50(13) 
O1-K1-F2#3 64.61(5) Si1-N1-K1#2 108.99(9) 
N1#2-K1-F2#3 116.02(5) N1-C1-C6 127.2(2) 
N1-K1-F4#1 117.01(5) F1-C2-C1 117.87(19) 
F2#3-K1-F4#1 113.19(4) F2-C3-C4 119.4(2) 
C8-Si1-C9 105.56(12) F3-C4-C3 121.7(2) 
C9-Si1-C7 105.96(11) F4-C5-C6 119.7(2) 
O1-C12-C13 109.5(2) F5-C6-C1 119.3(2) 
Symmetry transformations used to generate equivalent atoms:  
#1 x-1,y,z    #2 -x+1,-y+1,-z+1    #3 -x+1,-y+1,-z      
#4 x+1,y,z      
Table 3.6.16 Bond lengths of 3.4 (Å). 
Ce1-N2  2.3785(17) Ce1-N3  2.4057(17) Ce1-N1  2.4595(17) 
Ce1-O1  2.5201(14) Ce1-O2  2.6050(15) Ce1-F1  2.7545(12) 
N1-C1  1.377(3) N1-Si1  1.7447(19) N2-C10  1.400(3) 
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N2-Si2  1.7355(18) N3-C19  1.389(3) N3-Si3  1.7422(18) 
Si1-C9  1.870(3) Si1-C7  1.873(3) Si1-C8  1.877(2) 
Si2-C17  1.855(3) Si2-C18  1.858(2) Si2-C16  1.865(3) 
Si3-C27  1.857(3) Si3-C26  1.861(3) Si3-C25  1.863(2) 
C1-C2  1.402(3) C1-C6  1.406(3) C2-F1  1.367(2) 
C2-C3  1.378(3) C3-F2  1.338(3) C3-C4  1.382(3) 
C4-F3  1.339(3) C4-C5  1.375(3) C5-F4  1.343(2) 
C5-C6  1.380(3) C6-F5  1.350(3) C10-C11  1.401(3) 
C10-C15  1.401(3) C11-F6  1.347(2) C11-C12  1.383(3) 
C12-F7  1.347(3) C12-C13  1.376(3) C13-F8  1.344(2) 
C13-C14  1.373(4) C14-F9  1.346(3) C14-C15  1.376(3) 
C15-F10  1.343(3) C19-C24  1.400(3) C19-C20  1.408(3) 
C20-F11  1.344(3) C20-C21  1.379(3) C21-F12  1.341(3) 
C21-C22  1.368(4) C22-F13  1.345(3) C22-C23  1.380(4) 
C23-F14  1.343(3) C23-C24  1.381(3) C24-F15  1.345(3) 
O1-C28  1.449(2) O1-C39  1.450(2) O2-C30  1.444(3) 
O2-C29  1.449(2) O3-C31  1.415(3) O3-C32  1.415(3) 
O4-C34  1.416(3) O4-C33  1.427(3) O5-C36  1.420(3) 
O5-C35  1.423(3) O6-C38  1.427(3) O6-C37  1.427(3) 
C28-C29  1.496(3) C30-C31  1.513(3) C32-C33  1.486(4) 
C34-C35  1.501(4) C36-C37  1.503(4) C38-C39  1.501(3) 
 
Table 3.6.17 Bond angles of 3.4 (°). 
N2-Ce1-N3 113.57(6) N2-Ce1-N1 92.15(6) 
N2-Ce1-O1 83.10(5) N3-Ce1-O1 103.27(5) 
N2-Ce1-O2 143.52(5) N3-Ce1-O2 89.55(5) 
O1-Ce1-O2 63.63(4) N2-Ce1-F1 89.59(5) 
N1-Ce1-F1 62.84(5) O1-Ce1-F1 67.42(4) 
C1-N1-Si1 120.47(14) C1-N1-Ce1 117.54(13) 
C10-N2-Si2 116.07(14) C10-N2-Ce1 119.32(12) 
C19-N3-Si3 114.25(13) C19-N3-Ce1 123.43(13) 
N1-Si1-C9 111.36(11) N1-Si1-C7 105.14(10) 
N1-Si1-C8 116.19(10) C9-Si1-C8 108.69(11) 
N2-Si2-C17 111.31(11) N2-Si2-C18 106.90(10) 
N2-Si2-C16 113.72(11) C17-Si2-C16 107.50(18) 
N3-Si3-C27 105.94(10) N3-Si3-C26 115.75(10) 
N3-Si3-C25 110.94(10) C27-Si3-C25 110.54(13) 
N1-C1-C2 121.23(18) N1-C1-C6 126.8(2) 
F1-C2-C3 117.51(18) F1-C2-C1 116.67(18) 
F2-C3-C2 120.41(19) F2-C3-C4 120.5(2) 
F3-C4-C5 120.8(2) F3-C4-C3 120.9(2) 
F4-C5-C4 119.3(2) F4-C5-C6 119.7(2) 
F5-C6-C5 117.07(19) F5-C6-C1 119.1(2) 
N2-C10-C11 123.22(18) N2-C10-C15 122.67(19) 
F6-C11-C12 117.12(19) F6-C11-C10 119.63(18) 
F7-C12-C13 120.0(2) F7-C12-C11 119.8(2) 
F8-C13-C14 121.0(2) F8-C13-C12 120.3(2) 
F9-C14-C13 119.9(2) F9-C14-C15 119.5(2) 
F10-C15-C14 117.7(2) F10-C15-C10 119.02(19) 
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N3-C19-C24 124.3(2) N3-C19-C20 122.2(2) 
F11-C20-C21 117.3(2) F11-C20-C19 118.9(2) 
F12-C21-C22 119.5(2) F12-C21-C20 120.4(2) 
F13-C22-C21 120.5(2) F13-C22-C23 120.4(2) 
F14-C23-C22 119.8(2) F14-C23-C24 120.1(2) 
F15-C24-C23 117.1(2) F15-C24-C19 119.3(2) 
C2-F1-Ce1 110.86(11) C28-O1-C39 115.36(15) 
C39-O1-Ce1 131.46(11) C30-O2-C29 114.51(16) 
C29-O2-Ce1 118.22(11) C31-O3-C32 113.09(17) 
C36-O5-C35 112.59(18) C38-O6-C37 111.99(17) 
O2-C29-C28 105.73(16) O2-C30-C31 113.12(17) 
O3-C32-C33 107.9(2) O4-C33-C32 110.2(2) 
O5-C35-C34 108.9(2) O5-C36-C37 108.83(19) 
O6-C38-C39 109.99(17) O1-C39-C38 114.29(17) 
N3-Ce1-N1 123.64(6) C13-C12-C11 120.2(2) 
N1-Ce1-O1 130.05(5) C14-C13-C12 118.6(2) 
N1-Ce1-O2 97.94(5) C13-C14-C15 120.6(2) 
N3-Ce1-F1 154.41(5) C14-C15-C10 123.2(2) 
O2-Ce1-F1 64.89(4) C24-C19-C20 113.5(2) 
Si1-N1-Ce1 121.78(9) C21-C20-C19 123.7(2) 
Si2-N2-Ce1 124.05(9) C22-C21-C20 120.0(2) 
Si3-N3-Ce1 122.11(9) C21-C22-C23 119.1(2) 
C9-Si1-C7 106.58(13) C22-C23-C24 120.0(2) 
C7-Si1-C8 108.39(12) C23-C24-C19 123.6(2) 
C17-Si2-C18 110.64(17) C28-O1-Ce1 113.16(11) 
C18-Si2-C16 106.68(13) C30-O2-Ce1 117.97(12) 
C27-Si3-C26 107.59(14) C34-O4-C33 114.10(19) 
C26-Si3-C25 106.05(13) O1-C28-C29 108.16(16) 
C2-C1-C6 111.95(19) O3-C31-C30 107.18(18) 
C3-C2-C1 125.81(19) O4-C34-C35 113.0(2) 
C2-C3-C4 119.1(2) O6-C37-C36 113.9(2) 
C5-C4-C3 118.3(2) C11-C10-C15 114.09(18) 
C4-C5-C6 121.0(2) C12-C11-C10 123.2(2) 
C5-C6-C1 123.8(2)   
 
Table 3.6.18 Bond lengths of 3.5 (Å). 
Ce1-N4  2.402(3) Ce1-N1  2.409(3) Ce1-N2  2.489(3) 
Ce1-N3  2.527(3) Ce1-F11  2.678(2) Ce1-F6  2.681(2) 
N1-C1  1.399(4) N1-Si1  1.729(3) N2-C10  1.370(4) 
N2-Si2  1.749(3) N3-C19  1.373(4) N3-Si3  1.739(3) 
N4-C28  1.399(4) N4-Si4  1.730(3) Si1-C9  1.861(5) 
Si1-C7  1.868(5) Si1-C8  1.873(4) Si2-C17  1.863(4) 
Si2-C18  1.867(4) Si2-C16  1.873(4) Si3-C25  1.854(5) 
Si3-C27  1.859(4) Si3-C26  1.869(5) Si4-C35  1.864(4) 
Si4-C34  1.867(4) Si4-C36  1.869(4) C1-C6  1.395(5) 
C1-C2  1.402(5) C2-F1  1.344(4) C2-C3  1.378(5) 
C3-F2  1.346(4) C3-C4  1.376(6) C4-F3  1.344(4) 
C4-C5  1.374(6) C5-F4  1.344(4) C5-C6  1.387(5) 
C6-F5  1.353(4) C10-C11  1.399(5) C10-C15  1.411(5) 
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C11-F6  1.367(4) C11-C12  1.376(5) C12-F7  1.348(5) 
C12-C13  1.374(6) C13-F8  1.346(5) C13-C14  1.361(6) 
C14-F9  1.350(4) C14-C15  1.377(6) C15-F10  1.356(4) 
C19-C20  1.395(5) C19-C24  1.415(5) C20-F11  1.367(4) 
C20-C21  1.375(5) C21-F12  1.344(4) C21-C22  1.379(5) 
C22-F13  1.345(4) C22-C23  1.363(6) C23-F14  1.348(5) 
C23-C24  1.380(6) C24-F15  1.351(5) C28-C33  1.398(5) 
C28-C29  1.399(5) C29-F16  1.346(4) C29-C30  1.380(5) 
C30-F17  1.348(5) C30-C31  1.373(6) C31-F18  1.352(5) 
C31-C32  1.370(7) C32-F19  1.343(5) C32-C33  1.386(6) 
C33-F20  1.342(5) F21-C38  1.356(5) F22-C39  1.342(5) 
F23-C40  1.345(5) F24-C41  1.347(5) F25-C42  1.340(5) 
F26-C47  1.344(4) F27-C48  1.347(4) F28-C49  1.347(4) 
F29-C50  1.337(4) F30-C51  1.348(4) C37-C38  1.397(6) 
C37-N5  1.399(5) C37-C42  1.404(6) C38-C39  1.385(6) 
C39-C40  1.375(6) C40-C41  1.371(6) C41-C42  1.388(6) 
Ce2-N6  2.454(3) Ce2-N5  2.472(3) Ce2-O3  2.582(3) 
Ce2-O6  2.585(3) Ce2-O2  2.606(3) Ce2-O4  2.636(2) 
Ce2-O1  2.636(3) Ce2-O5  2.637(2) N5-Si5'  1.718(8) 
N5-Si5  1.800(8) N6-C46  1.400(4) N6-Si6  1.747(3) 
Si5-C45  1.892(7) Si5-C43  1.897(7) Si5-C44  1.906(7) 
Si5'-C43'  1.889(8) Si5'-C44'  1.904(7) Si5'-C45'  1.916(7) 
Si6-C54  1.862(5) Si6-C52  1.867(5) Si6-C53  1.871(5) 
C46-C51  1.402(5) C46-C47  1.408(5) C47-C48  1.379(5) 
C48-C49  1.370(6) C49-C50  1.374(6) C50-C51  1.387(5) 
O1-C55  1.425(5) O1-C66  1.444(5) O2-C56  1.432(5) 
O2-C57  1.445(4) O3-C58  1.437(5) O3-C59  1.442(5) 
O4-C61  1.434(4) O4-C60  1.440(4) O5-C63  1.428(5) 
O5-C62  1.444(4) O6-C65  1.436(5) O6-C64  1.467(6) 
C55-C56  1.498(6) C57-C58  1.478(6) C59-C60  1.484(6) 
C61-C62  1.487(6) C63-C64  1.464(6) C65-C66  1.490(8) 
O7-C70  1.376(9) O7-C67  1.386(12) C67-C68  1.338(15) 
C68-C69  1.529(16) C69-C70  1.491(13)   
 
Table 3.6.19 Bond angles of 3.5 (°). 
N4-Ce1-N1 116.99(10) N4-Ce1-N2 118.43(10) 
N4-Ce1-N3 89.89(10) N1-Ce1-N3 123.42(10) 
N4-Ce1-F11 85.40(9) N1-Ce1-F11 155.13(9) 
N3-Ce1-F11 63.33(8) N4-Ce1-F6 150.33(9) 
N2-Ce1-F6 63.87(8) N3-Ce1-F6 69.24(8) 
C1-N1-Si1 114.4(2) C1-N1-Ce1 121.7(2) 
C10-N2-Si2 120.9(2) C10-N2-Ce1 116.0(2) 
C19-N3-Si3 121.7(2) C19-N3-Ce1 118.0(2) 
C28-N4-Si4 116.0(2) C28-N4-Ce1 117.7(2) 
N1-Si1-C9 112.8(2) N1-Si1-C7 106.77(19) 
N1-Si1-C8 111.99(18) C9-Si1-C8 106.4(3) 
N2-Si2-C17 111.17(16) N2-Si2-C18 106.15(15) 
N2-Si2-C16 116.03(18) C17-Si2-C16 109.07(19) 
N3-Si3-C25 111.5(2) N3-Si3-C27 106.15(16) 
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N3-Si3-C26 115.6(2) C25-Si3-C26 110.9(3) 
N4-Si4-C35 106.23(16) N4-Si4-C34 112.94(18) 
N4-Si4-C36 112.27(17) C35-Si4-C36 109.17(19) 
C6-C1-N1 123.7(3) C6-C1-C2 113.7(3) 
F1-C2-C3 117.7(3) F1-C2-C1 118.7(3) 
F2-C3-C4 119.1(3) F2-C3-C2 120.6(4) 
F3-C4-C5 120.6(4) F3-C4-C3 120.6(4) 
F4-C5-C4 119.8(4) F4-C5-C6 120.3(3) 
F5-C6-C5 117.1(3) F5-C6-C1 119.1(3) 
N2-C10-C11 121.4(3) N2-C10-C15 127.1(3) 
F6-C11-C12 117.4(3) F6-C11-C10 117.3(3) 
F7-C12-C13 120.5(4) F7-C12-C11 119.6(4) 
F8-C13-C14 121.4(4) F8-C13-C12 120.7(4) 
F9-C14-C13 119.7(4) F9-C14-C15 119.0(4) 
F10-C15-C14 116.8(3) F10-C15-C10 119.2(3) 
N3-C19-C20 121.7(3) N3-C19-C24 127.2(3) 
F11-C20-C21 117.2(3) F11-C20-C19 116.9(3) 
F12-C21-C20 119.9(3) F12-C21-C22 120.0(3) 
F13-C22-C23 121.9(4) F13-C22-C21 120.7(4) 
F14-C23-C22 119.4(4) F14-C23-C24 119.2(4) 
F15-C24-C23 116.2(3) F15-C24-C19 119.6(3) 
C33-C28-C29 114.3(3) C33-C28-N4 122.0(3) 
F16-C29-C30 116.8(3) F16-C29-C28 119.8(3) 
F17-C30-C31 120.0(4) F17-C30-C29 120.1(4) 
F18-C31-C32 120.5(4) F18-C31-C30 120.2(4) 
F19-C32-C31 120.0(4) F19-C32-C33 120.0(4) 
F20-C33-C32 117.5(4) F20-C33-C28 119.4(3) 
C11-F6-Ce1 111.91(19) C20-F11-Ce1 115.27(19) 
C38-C37-C42 113.7(4) N5-C37-C42 123.9(4) 
F21-C38-C37 119.8(4) C39-C38-C37 124.1(4) 
F22-C39-C38 120.5(4) C40-C39-C38 119.8(4) 
F23-C40-C39 120.4(4) C41-C40-C39 118.9(4) 
F24-C41-C42 119.9(4) C40-C41-C42 120.4(4) 
F25-C42-C37 120.1(4) C41-C42-C37 123.1(4) 
N6-Ce2-O3 81.72(9) N5-Ce2-O3 86.63(11) 
N5-Ce2-O6 96.96(12) O3-Ce2-O6 176.40(10) 
N5-Ce2-O2 90.62(10) O3-Ce2-O2 62.11(8) 
N6-Ce2-O4 92.78(9) N5-Ce2-O4 80.69(10) 
O6-Ce2-O4 118.77(8) O2-Ce2-O4 123.21(8) 
N5-Ce2-O1 89.00(11) O3-Ce2-O1 121.42(9) 
O2-Ce2-O1 59.56(8) O4-Ce2-O1 169.23(9) 
N5-Ce2-O5 96.44(10) O3-Ce2-O5 119.44(8) 
O2-Ce2-O5 172.82(9) O4-Ce2-O5 59.59(8) 
C37-N5-Si5' 112.9(3) C37-N5-Si5 109.6(3) 
C37-N5-Ce2 110.4(3) Si5'-N5-Ce2 135.2(3) 
C46-N6-Si6 111.6(2) C46-N6-Ce2 116.1(2) 
N5-Si5-C45 117.4(4) N5-Si5-C43 108.5(5) 
N5-Si5-C44 106.4(4) C45-Si5-C44 108.2(5) 
N5-Si5'-C43' 110.7(5) N5-Si5'-C44' 108.1(5) 
N5-Si5'-C45' 115.3(5) C43'-Si5'-C45' 107.8(5) 
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N6-Si6-C54 110.36(19) N6-Si6-C52 111.59(18) 
N6-Si6-C53 113.17(19) C54-Si6-C53 107.9(2) 
N6-C46-C51 125.3(3) N6-C46-C47 121.5(3) 
F26-C47-C48 117.2(3) F26-C47-C46 119.0(3) 
F27-C48-C49 119.5(3) F27-C48-C47 120.3(4) 
F28-C49-C48 120.2(4) F28-C49-C50 120.6(4) 
F29-C50-C49 119.8(3) F29-C50-C51 120.5(4) 
F30-C51-C50 116.9(3) F30-C51-C46 119.1(3) 
C55-O1-C66 113.0(3) C55-O1-Ce2 122.5(2) 
C56-O2-C57 111.6(3) C56-O2-Ce2 120.7(2) 
C58-O3-C59 112.1(3) C58-O3-Ce2 120.6(2) 
C61-O4-C60 111.1(3) C61-O4-Ce2 122.9(2) 
C63-O5-C62 110.3(3) C63-O5-Ce2 122.2(2) 
C65-O6-C64 115.1(3) C65-O6-Ce2 125.8(3) 
O1-C55-C56 106.2(3) O2-C56-C55 107.0(3) 
O3-C58-C57 108.2(3) O3-C59-C60 107.1(3) 
O4-C61-C62 108.3(3) O5-C62-C61 107.5(3) 
C63-C64-O6 106.1(4) O6-C65-C66 106.9(4) 
C70-O7-C67 103.6(8) C68-C67-O7 118.8(12) 
C70-C69-C68 106.7(9) O7-C70-C69 103.4(7) 
N1-Ce1-N2 86.51(10) C38-C37-N5 122.4(4) 
N2-Ce1-N3 124.87(9) F21-C38-C39 116.1(4) 
N2-Ce1-F11 72.48(8) F22-C39-C40 119.7(4) 
N1-Ce1-F6 92.45(9) F23-C40-C41 120.7(4) 
F11-Ce1-F6 66.66(7) F24-C41-C40 119.7(4) 
Si1-N1-Ce1 123.82(15) F25-C42-C41 116.8(4) 
Si2-N2-Ce1 122.69(14) N6-Ce2-N5 168.31(11) 
Si3-N3-Ce1 119.54(14) N6-Ce2-O6 94.69(10) 
Si4-N4-Ce1 126.27(15) N6-Ce2-O2 84.83(9) 
C9-Si1-C7 108.5(3) O6-Ce2-O2 117.97(8) 
C7-Si1-C8 110.4(2) O3-Ce2-O4 61.42(8) 
C17-Si2-C18 106.87(19) N6-Ce2-O1 97.90(9) 
C18-Si2-C16 107.05(19) O6-Ce2-O1 59.14(9) 
C25-Si3-C27 106.2(3) N6-Ce2-O5 88.46(9) 
C27-Si3-C26 105.9(2) O6-Ce2-O5 59.99(8) 
C35-Si4-C34 110.3(2) O1-Ce2-O5 119.10(8) 
C34-Si4-C36 105.90(19) Si5'-N5-Si5 16.7(2) 
N1-C1-C2 122.6(3) Si5-N5-Ce2 139.5(3) 
C3-C2-C1 123.5(3) Si6-N6-Ce2 132.22(15) 
C4-C3-C2 120.3(4) C45-Si5-C43 109.4(5) 
C5-C4-C3 118.8(4) C43-Si5-C44 106.5(5) 
C4-C5-C6 119.9(4) C43'-Si5'-C44' 108.4(5) 
C5-C6-C1 123.7(3) C44'-Si5'-C45' 106.2(5) 
C11-C10-C15 111.5(3) C54-Si6-C52 107.5(3) 
C12-C11-C10 125.4(3) C52-Si6-C53 106.0(2) 
C13-C12-C11 119.9(4) C51-C46-C47 113.2(3) 
C14-C13-C12 117.9(4) C48-C47-C46 123.7(3) 
C13-C14-C15 121.3(4) C49-C48-C47 120.2(4) 
C14-C15-C10 124.0(4) C48-C49-C50 119.2(3) 
C20-C19-C24 111.1(3) C49-C50-C51 119.6(3) 
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C21-C20-C19 125.9(3) C50-C51-C46 124.0(4) 
C20-C21-C22 120.1(3) C66-O1-Ce2 114.4(2) 
C23-C22-C21 117.4(3) C57-O2-Ce2 114.5(2) 
C22-C23-C24 121.4(4) C59-O3-Ce2 116.4(2) 
C23-C24-C19 124.1(4) C60-O4-Ce2 120.0(2) 
C29-C28-N4 123.6(3) C62-O5-Ce2 121.6(2) 
C30-C29-C28 123.4(4) C64-O6-Ce2 116.1(2) 
C31-C30-C29 119.9(4) O2-C57-C58 107.3(3) 
C32-C31-C30 119.4(4) O4-C60-C59 107.9(3) 
C31-C32-C33 120.0(4) O5-C63-C64 107.0(3) 
C32-C33-C28 123.1(4) O1-C66-C65 106.8(4) 
C67-C68-C69 98.2(10)   
 
Table 3.6.20 Bond lengths of 3.6 (Å). 
Ce1-N2  2.3785(17) Ce1-N3  2.4057(17) Ce1-N1  2.4595(17) 
Ce1-O1  2.5201(14) Ce1-O2  2.6050(15) Ce1-F1  2.7545(12) 
N1-C1  1.377(3) N1-Si1  1.7447(19) N2-C10  1.400(3) 
N2-Si2  1.7355(18) N3-C19  1.389(3) N3-Si3  1.7422(18) 
Si1-C9  1.870(3) Si1-C7  1.873(3) Si1-C8  1.877(2) 
Si2-C17  1.855(3) Si2-C18  1.858(2) Si2-C16  1.865(3) 
Si3-C27  1.857(3) Si3-C26  1.861(3) Si3-C25  1.863(2) 
C1-C2  1.402(3) C1-C6  1.406(3) C2-F1  1.367(2) 
C2-C3  1.378(3) C3-F2  1.338(3) C3-C4  1.382(3) 
C4-F3  1.339(3) C4-C5  1.375(3) C5-F4  1.343(2) 
C5-C6  1.380(3) C6-F5  1.350(3) C10-C11  1.401(3) 
C10-C15  1.401(3) C11-F6  1.347(2) C11-C12  1.383(3) 
C12-F7  1.347(3) C12-C13  1.376(3) C13-F8  1.344(2) 
C13-C14  1.373(4) C14-F9  1.346(3) C14-C15  1.376(3) 
C15-F10  1.343(3) C19-C24  1.400(3) C19-C20  1.408(3) 
C20-F11  1.344(3) C20-C21  1.379(3) C21-F12  1.341(3) 
C21-C22  1.368(4) C22-F13  1.345(3) C22-C23  1.380(4) 
C23-F14  1.343(3) C23-C24  1.381(3) C24-F15  1.345(3) 
O1-C28  1.449(2) O1-C39  1.450(2) O2-C30  1.444(3) 
O2-C29  1.449(2) O3-C31  1.415(3) O3-C32  1.415(3) 
O4-C34  1.416(3) O4-C33  1.427(3) O5-C36  1.420(3) 
O5-C35  1.423(3) O6-C38  1.427(3) O6-C37  1.427(3) 
C28-C29  1.496(3) C30-C31  1.513(3) C32-C33  1.486(4) 
C34-C35  1.501(4) C36-C37  1.503(4) C38-C39  1.501(3) 
 
Table 3.6.21 Bond angles of 3.6 (°). 
N2-Ce1-N3 113.57(6) N2-Ce1-N1 92.15(6) 
N2-Ce1-O1 83.10(5) N3-Ce1-O1 103.27(5) 
N2-Ce1-O2 143.52(5) N3-Ce1-O2 89.55(5) 
O1-Ce1-O2 63.63(4) N2-Ce1-F1 89.59(5) 
N1-Ce1-F1 62.84(5) O1-Ce1-F1 67.42(4) 
C1-N1-Si1 120.47(14) C1-N1-Ce1 117.54(13) 
C10-N2-Si2 116.07(14) C10-N2-Ce1 119.32(12) 
C19-N3-Si3 114.25(13) C19-N3-Ce1 123.43(13) 
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N1-Si1-C9 111.36(11) N1-Si1-C7 105.14(10) 
N1-Si1-C8 116.19(10) C9-Si1-C8 108.69(11) 
N2-Si2-C17 111.31(11) N2-Si2-C18 106.90(10) 
N2-Si2-C16 113.72(11) C17-Si2-C16 107.50(18) 
N3-Si3-C27 105.94(10) N3-Si3-C26 115.75(10) 
N3-Si3-C25 110.94(10) C27-Si3-C25 110.54(13) 
N1-C1-C2 121.23(18) N1-C1-C6 126.8(2) 
F1-C2-C3 117.51(18) F1-C2-C1 116.67(18) 
F2-C3-C2 120.41(19) F2-C3-C4 120.5(2) 
F3-C4-C5 120.8(2) F3-C4-C3 120.9(2) 
F4-C5-C4 119.3(2) F4-C5-C6 119.7(2) 
F5-C6-C5 117.07(19) F5-C6-C1 119.1(2) 
N2-C10-C11 123.22(18) N2-C10-C15 122.67(19) 
F6-C11-C12 117.12(19) F6-C11-C10 119.63(18) 
F7-C12-C13 120.0(2) F7-C12-C11 119.8(2) 
F8-C13-C14 121.0(2) F8-C13-C12 120.3(2) 
F9-C14-C13 119.9(2) F9-C14-C15 119.5(2) 
F10-C15-C14 117.7(2) F10-C15-C10 119.02(19) 
N3-C19-C24 124.3(2) N3-C19-C20 122.2(2) 
F11-C20-C21 117.3(2) F11-C20-C19 118.9(2) 
F12-C21-C22 119.5(2) F12-C21-C20 120.4(2) 
F13-C22-C21 120.5(2) F13-C22-C23 120.4(2) 
F14-C23-C22 119.8(2) F14-C23-C24 120.1(2) 
F15-C24-C23 117.1(2) F15-C24-C19 119.3(2) 
C2-F1-Ce1 110.86(11) C28-O1-C39 115.36(15) 
C39-O1-Ce1 131.46(11) C30-O2-C29 114.51(16) 
C29-O2-Ce1 118.22(11) C31-O3-C32 113.09(17) 
C36-O5-C35 112.59(18) C38-O6-C37 111.99(17) 
O2-C29-C28 105.73(16) O2-C30-C31 113.12(17) 
O3-C32-C33 107.9(2) O4-C33-C32 110.2(2) 
O5-C35-C34 108.9(2) O5-C36-C37 108.83(19) 
O6-C38-C39 109.99(17) O1-C39-C38 114.29(17) 
N3-Ce1-N1 123.64(6) C13-C12-C11 120.2(2) 
N1-Ce1-O1 130.05(5) C14-C13-C12 118.6(2) 
N1-Ce1-O2 97.94(5) C13-C14-C15 120.6(2) 
N3-Ce1-F1 154.41(5) C14-C15-C10 123.2(2) 
O2-Ce1-F1 64.89(4) C24-C19-C20 113.5(2) 
Si1-N1-Ce1 121.78(9) C21-C20-C19 123.7(2) 
Si2-N2-Ce1 124.05(9) C22-C21-C20 120.0(2) 
Si3-N3-Ce1 122.11(9) C21-C22-C23 119.1(2) 
C9-Si1-C7 106.58(13) C22-C23-C24 120.0(2) 
C7-Si1-C8 108.39(12) C23-C24-C19 123.6(2) 
C17-Si2-C18 110.64(17) C28-O1-Ce1 113.16(11) 
C18-Si2-C16 106.68(13) C30-O2-Ce1 117.97(12) 
C27-Si3-C26 107.59(14) C34-O4-C33 114.10(19) 
C26-Si3-C25 106.05(13) O1-C28-C29 108.16(16) 
C2-C1-C6 111.95(19) O3-C31-C30 107.18(18) 
C3-C2-C1 125.81(19) O4-C34-C35 113.0(2) 
C2-C3-C4 119.1(2) O6-C37-C36 113.9(2) 
C5-C4-C3 118.3(2) C11-C10-C15 114.09(18) 
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C4-C5-C6 121.0(2) C12-C11-C10 123.2(2) 
C5-C6-C1 123.8(2)   
 
Table 3.6.22 Bond lengths of 3.7-Cl (Å). 
U1-N3  2.2744(18) U1-N1  2.2761(19) U1-N2  2.2843(19) 
U1-F3  2.5916(13) U1-Cl1  2.6032(6) U1-F2  2.6038(13) 
U1-F1  2.6319(13) N1-C1  1.403(3) N1-Si1  1.752(2) 
N2-C10  1.402(3) N2-Si2  1.7545(19) N3-C19  1.406(3) 
N3-Si3  1.7555(19) Si1-C8  1.859(3) Si1-C7  1.866(3) 
Si1-C9  1.867(3) Si2-C18  1.860(3) Si2-C16  1.864(3) 
Si2-C17  1.865(3) Si3-C27  1.866(3) Si3-C26  1.866(3) 
Si3-C25  1.866(3) C1-C2  1.393(3) C1-C6  1.407(3) 
C2-C3  1.370(3) C2-F1  1.386(3) C3-C4  1.383(4) 
C4-C5  1.386(4) C5-C6  1.389(4) C10-C11  1.397(3) 
C10-C15  1.402(3) C11-C12  1.370(3) C11-F2  1.384(2) 
C12-C13  1.381(4) C13-C14  1.382(4) C14-C15  1.386(4) 
C19-C20  1.395(3) C19-C24  1.405(3) C20-C21  1.368(3) 
C20-F3  1.387(2) C21-C22  1.386(3) C22-C23  1.379(4) 
C23-C24  1.387(3)     
 
Table 3.6.23 Bond angles of 3.7-Cl (°). 
N3-U1-N1 117.47(7) N3-U1-N2 117.71(7) 
N3-U1-F3 66.96(5) N1-U1-F3 121.29(6) 
N3-U1-Cl1 95.10(5) N1-U1-Cl1 93.63(5) 
F3-U1-Cl1 144.89(3) N3-U1-F2 124.79(6) 
N2-U1-F2 66.34(5) F3-U1-F2 62.20(4) 
N3-U1-F1 73.54(6) N1-U1-F1 65.76(6) 
F3-U1-F1 60.17(4) Cl1-U1-F1 145.98(3) 
C1-N1-Si1 120.41(15) C1-N1-U1 120.77(14) 
C10-N2-Si2 119.46(15) C10-N2-U1 120.46(14) 
C19-N3-Si3 119.16(15) C19-N3-U1 119.37(14) 
N1-Si1-C8 111.61(11) N1-Si1-C7 107.48(10) 
N1-Si1-C9 110.60(11) C8-Si1-C9 110.70(13) 
N2-Si2-C18 112.84(11) N2-Si2-C16 109.68(11) 
N2-Si2-C17 110.26(11) C18-Si2-C17 109.64(14) 
N3-Si3-C27 110.38(11) N3-Si3-C26 112.40(12) 
N3-Si3-C25 107.81(10) C27-Si3-C25 106.65(14) 
C2-C1-N1 119.8(2) C2-C1-C6 113.9(2) 
C3-C2-F1 118.2(2) C3-C2-C1 126.6(2) 
C2-C3-C4 117.5(2) C3-C4-C5 119.4(2) 
C5-C6-C1 121.3(2) C11-C10-N2 120.0(2) 
N2-C10-C15 126.5(2) C12-C11-F2 118.2(2) 
F2-C11-C10 115.25(19) C11-C12-C13 117.5(2) 
C13-C14-C15 121.3(2) C14-C15-C10 121.7(2) 
C20-C19-N3 119.87(19) C24-C19-N3 126.2(2) 
C21-C20-C19 126.5(2) F3-C20-C19 115.72(19) 
C23-C22-C21 119.4(2) C22-C23-C24 121.5(2) 
C2-F1-U1 111.58(12) C11-F2-U1 112.71(12) 
 
 
Chapter 3 – Applications of C−F→Ln/An Interactions in Coordination Chemistry | 146 
 
 
N1-U1-N2 123.91(7) C27-Si3-C26 110.86(13) 
N2-U1-F3 73.46(6) C26-Si3-C25 108.51(13) 
N2-U1-Cl1 90.84(5) N1-C1-C6 126.3(2) 
N1-U1-F2 75.01(6) F1-C2-C1 115.2(2) 
Cl1-U1-F2 139.55(3) C4-C5-C6 121.3(2) 
N2-U1-F1 122.98(5) C11-C10-C15 113.6(2) 
F2-U1-F1 63.71(4) C12-C11-C10 126.5(2) 
Si1-N1-U1 118.79(10) C12-C13-C14 119.4(2) 
Si2-N2-U1 120.05(10) C20-C19-C24 113.9(2) 
Si3-N3-U1 121.48(10) C21-C20-F3 117.8(2) 
C8-Si1-C7 109.03(12) C20-C21-C22 117.4(2) 
C7-Si1-C9 107.26(12) C23-C24-C19 121.3(2) 
C18-Si2-C16 107.66(12) C20-F3-U1 111.36(11) 
C16-Si2-C17 106.52(14)   
 
Table 3.6.24 Bond lengths of 3.7-CCPh (Å). 
U1-N2  2.284(2) U1-N3  2.286(2) U1-N1  2.293(2) 
U1-C28  2.410(3) U1-F1  2.6120(17) U1-F3  2.6498(17) 
U1-F2  2.6597(17) N1-C1  1.402(4) N1-Si1  1.756(3) 
N2-C10  1.397(4) N2-Si2  1.756(3) N3-C19  1.401(4) 
N3-Si3  1.751(2) Si1-C9  1.862(3) Si1-C7  1.863(3) 
Si1-C8  1.872(3) Si2-C17  1.866(4) Si2-C16  1.868(3) 
Si2-C18  1.869(3) Si3-C26  1.861(3) Si3-C25  1.862(3) 
Si3-C27  1.867(3) C1-C2  1.394(4) C1-C6  1.409(4) 
C2-C3  1.369(4) C2-F1  1.393(3) C3-C4  1.395(5) 
C4-C5  1.385(5) C5-C6  1.390(4) C10-C15  1.407(4) 
C10-C11  1.408(4) C11-C12  1.359(4) C11-F2  1.388(3) 
C12-C13  1.391(5) C13-C14  1.387(5) C14-C15  1.392(5) 
C19-C20  1.397(4) C19-C24  1.403(4) C20-C21  1.376(4) 
C20-F3  1.383(3) C21-C22  1.385(4) C22-C23  1.387(5) 
C23-C24  1.386(5) C28-C29  1.218(5) C29-C30  1.450(5) 
C30-C31  1.392(5) C30-C35  1.397(5) C31-C32  1.390(5) 
C32-C33  1.385(5) C33-C34  1.393(5) C34-C35  1.375(5) 
 
Table 3.6.25 Bond angles of 3.7-CCPh (°). 
N2-U1-N3 121.74(9) N2-U1-N1 117.14(9) 
N2-U1-C28 95.50(10) N3-U1-C28 89.91(10) 
N2-U1-F1 124.71(7) N3-U1-F1 74.35(7) 
C28-U1-F1 139.42(9) N2-U1-F3 76.86(7) 
N1-U1-F3 123.64(7) C28-U1-F3 142.95(8) 
N2-U1-F2 65.55(7) N3-U1-F2 123.49(7) 
C28-U1-F2 146.43(8) F1-U1-F2 63.10(5) 
C1-N1-Si1 119.8(2) C1-N1-U1 120.75(18) 
C10-N2-Si2 121.2(2) C10-N2-U1 119.40(19) 
C19-N3-Si3 119.86(19) C19-N3-U1 119.11(18) 
N1-Si1-C9 109.17(13) N1-Si1-C7 113.54(14) 
N1-Si1-C8 109.31(14) C9-Si1-C8 107.35(16) 
N2-Si2-C17 111.35(15) N2-Si2-C16 111.37(14) 
N2-Si2-C18 106.67(13) C17-Si2-C18 107.88(16) 
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N3-Si3-C26 108.90(13) N3-Si3-C25 113.84(14) 
N3-Si3-C27 109.45(14) C26-Si3-C27 107.02(16) 
C2-C1-N1 120.2(3) C2-C1-C6 113.5(3) 
C3-C2-F1 117.6(3) C3-C2-C1 127.1(3) 
C2-C3-C4 117.1(3) C5-C4-C3 119.4(3) 
C5-C6-C1 121.7(3) N2-C10-C15 126.5(3) 
C15-C10-C11 113.6(3) C12-C11-F2 118.5(3) 
F2-C11-C10 115.2(3) C11-C12-C13 118.3(3) 
C13-C14-C15 121.3(3) C14-C15-C10 121.7(3) 
C20-C19-C24 113.7(3) N3-C19-C24 126.4(3) 
C21-C20-C19 126.3(3) F3-C20-C19 115.5(3) 
C21-C22-C23 119.4(3) C22-C23-C24 121.1(3) 
C29-C28-U1 168.9(3) C28-C29-C30 175.8(4) 
C31-C30-C29 121.3(3) C35-C30-C29 120.0(3) 
C33-C32-C31 120.3(3) C32-C33-C34 119.3(3) 
C34-C35-C30 120.7(3) C2-F1-U1 112.84(15) 
C20-F3-U1 110.17(15) F1-C2-C1 115.3(2) 
N3-U1-N1 120.53(9) C4-C5-C6 121.1(3) 
N1-U1-C28 92.34(10) N2-C10-C11 119.9(3) 
N1-U1-F1 66.28(7) C12-C11-C10 126.3(3) 
N3-U1-F3 65.56(7) C14-C13-C12 118.9(3) 
F1-U1-F3 62.59(5) C20-C19-N3 119.8(3) 
N1-U1-F2 74.44(7) C21-C20-F3 118.2(3) 
F3-U1-F2 62.64(5) C20-C21-C22 117.5(3) 
Si1-N1-U1 119.44(12) C23-C24-C19 122.0(3) 
Si2-N2-U1 119.01(13) C31-C30-C35 118.7(3) 
Si3-N3-U1 120.97(13) C32-C31-C30 120.5(3) 
C9-Si1-C7 106.18(16) C35-C34-C33 120.5(3) 
C7-Si1-C8 111.06(17) C11-F2-U1 109.53(15) 
C17-Si2-C16 110.49(17) C25-Si3-C27 111.03(16) 
C16-Si2-C18 108.92(16) N1-C1-C6 126.2(3) 
C26-Si3-C25 106.31(16)   
 
Table 3.6.26 Bond lengths of 3.7-OMe (Å). 
U1-O1  2.044(4) U1-N1  2.321(4) U1-N3  2.325(4) 
U1-N2  2.326(4) U1-F2  2.612(3) U1-F1  2.619(3) 
U1-F3  2.653(3) Si1-N1  1.741(4) Si1-C7  1.868(6) 
Si1-C9  1.868(6) Si1-C8  1.875(6) Si2-N2  1.743(4) 
Si2-C16  1.865(6) Si2-C17  1.873(6) Si2-C18  1.877(5) 
Si3-N3  1.733(4) Si3-C25  1.848(6) Si3-C27  1.870(5) 
Si3-C26  1.872(6) F1-C2  1.388(5) F2-C11  1.390(5) 
F3-C20  1.391(5) O1-C28  1.383(7) N1-C1  1.394(6) 
N2-C10  1.397(6) N3-C19  1.392(5) C1-C2  1.398(6) 
C1-C6  1.408(6) C2-C3  1.372(6) C3-C4  1.387(7) 
C4-C5  1.381(8) C5-C6  1.385(8) C10-C11  1.396(6) 
C10-C15  1.425(7) C11-C12  1.368(7) C12-C13  1.393(7) 
C13-C14  1.391(8) C14-C15  1.380(7) C19-C20  1.402(6) 
C19-C24  1.407(6) C20-C21  1.368(6) C21-C22  1.391(6) 
C22-C23  1.381(7) C23-C24  1.395(7)   
 
 




Table 3.6.27 Bond angles of 3.7-OMe (°). 
O1-U1-N1 92.19(14) O1-U1-N3 92.45(13) 
O1-U1-N2 95.55(14) N1-U1-N2 120.44(13) 
O1-U1-F2 144.24(11) N1-U1-F2 73.82(11) 
N2-U1-F2 66.17(11) O1-U1-F1 140.33(11) 
N3-U1-F1 74.87(11) N2-U1-F1 123.86(11) 
O1-U1-F3 145.75(11) N1-U1-F3 121.39(11) 
N2-U1-F3 74.21(11) F2-U1-F3 61.46(8) 
N1-Si1-C7 111.5(2) N1-Si1-C9 107.9(2) 
N1-Si1-C8 112.1(2) C7-Si1-C8 110.5(3) 
N2-Si2-C16 110.0(2) N2-Si2-C17 113.4(3) 
N2-Si2-C18 108.9(2) C16-Si2-C18 107.5(2) 
N3-Si3-C25 111.6(2) N3-Si3-C27 108.0(2) 
N3-Si3-C26 112.2(2) C25-Si3-C26 109.5(3) 
C2-F1-U1 113.3(2) C11-F2-U1 113.9(2) 
C28-O1-U1 176.7(4) C1-N1-Si1 120.3(3) 
Si1-N1-U1 118.8(2) C10-N2-Si2 119.2(3) 
Si2-N2-U1 119.52(19) C19-N3-Si3 121.5(3) 
Si3-N3-U1 118.59(18) N1-C1-C2 120.0(4) 
C2-C1-C6 113.1(4) C3-C2-F1 117.7(4) 
F1-C2-C1 115.3(4) C2-C3-C4 117.3(4) 
C4-C5-C6 121.5(5) C5-C6-C1 121.9(5) 
C11-C10-C15 112.9(4) N2-C10-C15 126.4(4) 
C12-C11-C10 127.2(4) F2-C11-C10 115.4(4) 
C14-C13-C12 118.7(5) C15-C14-C13 121.8(5) 
N3-C19-C20 120.1(4) N3-C19-C24 126.0(4) 
C21-C20-F3 118.3(4) C21-C20-C19 126.3(4) 
C20-C21-C22 117.8(4) C23-C22-C21 119.3(4) 
C23-C24-C19 121.5(4) C20-F3-U1 111.4(2) 
N1-U1-N3 121.87(13) C1-N1-U1 120.9(3) 
N3-U1-N2 116.66(13) C10-N2-U1 120.9(3) 
N3-U1-F2 123.01(11) C19-N3-U1 119.9(3) 
N1-U1-F1 65.59(11) N1-C1-C6 126.9(4) 
F2-U1-F1 63.25(8) C3-C2-C1 127.0(4) 
N3-U1-F3 65.30(11) C5-C4-C3 119.3(5) 
F1-U1-F3 61.46(8) C11-C10-N2 120.6(4) 
C7-Si1-C9 106.5(3) C12-C11-F2 117.4(4) 
C9-Si1-C8 108.2(3) C11-C12-C13 117.7(5) 
C16-Si2-C17 110.3(3) C14-C15-C10 121.7(5) 
C17-Si2-C18 106.5(3) C20-C19-C24 113.9(4) 
C25-Si3-C27 106.9(2) F3-C20-C19 115.5(4) 
C27-Si3-C26 108.5(3) C22-C23-C24 121.3(4) 
 
Table 3.6.28 Bond lengths of 3.7-I (Å). 
U1-N3  2.1939(16) U1-N1  2.2254(17) U1-N2  2.2657(17) 
U1-F2  2.6102(12) U1-C1  2.8086(19) U1-C19  2.8522(19) 
U1-I1  3.0226(3) N1-C1  1.421(2) N1-Si1  1.7559(17) 
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N2-C10  1.410(2) N2-Si2  1.7517(17) N3-C19  1.424(3) 
N3-Si3  1.7473(17) Si1-C7  1.861(2) Si1-C8  1.872(2) 
Si1-C9  1.874(2) Si2-C18  1.864(2) Si2-C16  1.865(2) 
Si2-C17  1.868(2) Si3-C25  1.859(2) Si3-C27  1.862(2) 
Si3-C26  1.865(2) C1-C6  1.397(3) C1-C2  1.402(3) 
C2-F1  1.355(3) C2-C3  1.372(3) C3-C4  1.382(4) 
C4-C5  1.374(4) C5-C6  1.394(3) C10-C11  1.395(3) 
C10-C15  1.408(3) C11-C12  1.373(3) C11-F2  1.388(2) 
C12-C13  1.391(3) C13-C14  1.386(3) C14-C15  1.391(3) 
C19-C20  1.402(3) C19-C24  1.404(3) C20-F3  1.358(3) 
C20-C21  1.373(4) C21-C22  1.385(4) C22-C23  1.382(4) 
C23-C24  1.394(3)     
 
Table 3.6.29 Bond angles of 3.7-I (°). 
N3-U1-N1 129.63(6) N3-U1-N2 101.95(6) 
N3-U1-F2 77.24(5) N1-U1-F2 75.41(5) 
N3-U1-C1 129.97(6) N1-U1-C1 30.03(6) 
F2-U1-C1 104.15(5) N3-U1-C19 29.25(6) 
N2-U1-C19 127.05(6) F2-U1-C19 78.72(5) 
N3-U1-I1 91.82(4) N1-U1-I1 119.50(4) 
F2-U1-I1 165.09(3) C1-U1-I1 90.63(4) 
C1-N1-Si1 122.06(13) C1-N1-U1 98.34(12) 
C10-N2-Si2 120.83(14) C10-N2-U1 115.64(13) 
C19-N3-Si3 120.26(13) C19-N3-U1 101.94(11) 
N1-Si1-C7 108.42(10) N1-Si1-C8 108.65(10) 
N1-Si1-C9 110.53(10) C7-Si1-C9 110.31(12) 
N2-Si2-C18 105.03(10) N2-Si2-C16 114.75(10) 
N2-Si2-C17 110.14(10) C18-Si2-C17 110.08(11) 
N3-Si3-C25 107.16(9) N3-Si3-C27 110.03(9) 
N3-Si3-C26 110.46(10) C25-Si3-C26 109.36(13) 
C6-C1-C2 115.90(19) C6-C1-N1 121.10(18) 
C6-C1-U1 95.21(13) C2-C1-U1 118.99(14) 
F1-C2-C3 118.8(2) F1-C2-C1 117.77(19) 
C2-C3-C4 118.9(2) C5-C4-C3 120.2(2) 
C5-C6-C1 121.3(2) C11-C10-C15 114.58(18) 
C15-C10-N2 125.59(19) C12-C11-F2 118.61(18) 
F2-C11-C10 115.31(16) C11-C12-C13 117.4(2) 
C13-C14-C15 121.3(2) C14-C15-C10 121.1(2) 
C20-C19-N3 122.01(19) C24-C19-N3 121.49(19) 
C24-C19-U1 103.76(13) N3-C19-U1 48.81(9) 
F3-C20-C19 118.5(2) C21-C20-C19 123.1(2) 
C23-C22-C21 120.2(2) C22-C23-C24 120.2(2) 
C11-F2-U1 107.44(10) C18-Si2-C16 107.51(11) 
N1-U1-N2 104.65(6) C16-Si2-C17 109.17(12) 
N2-U1-F2 66.53(5) C25-Si3-C27 109.19(11) 
N2-U1-C1 124.90(6) C27-Si3-C26 110.57(11) 
N1-U1-C19 103.57(6) C2-C1-N1 122.66(18) 
C1-U1-C19 100.95(6) N1-C1-U1 51.62(9) 
N2-U1-I1 106.72(4) C3-C2-C1 123.4(2) 
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C19-U1-I1 96.73(4) C4-C5-C6 120.2(2) 
Si1-N1-U1 139.54(9) C11-C10-N2 119.82(18) 
Si2-N2-U1 123.32(8) C12-C11-C10 126.08(19) 
Si3-N3-U1 135.70(9) C14-C13-C12 119.53(19) 
C7-Si1-C8 110.62(11) C20-C19-C24 116.4(2) 
C8-Si1-C9 108.30(12) C20-C19-U1 114.81(13) 
C20-C21-C22 119.0(2) F3-C20-C21 118.4(2) 
C23-C24-C19 121.0(2)   
 
Table 3.6.30 Bond lengths of 3.8 (Å). 
U1-N3  2.2588(17) U1-N4  2.3074(17) U1-N1  2.3446(17) 
U1-N2  2.3513(18) U1-F1  2.5409(12) U1-F2  2.5457(12) 
U1-C19  2.864(2) U1-C28  2.951(2) N1-C1  1.398(3) 
N1-Si1  1.7572(18) N2-C10  1.401(3) N2-Si2  1.7513(18) 
N3-C19  1.425(3) N3-Si3  1.7548(18) N4-C28  1.429(3) 
N4-Si4  1.7553(18) Si1-C9  1.871(2) Si1-C8  1.871(2) 
Si1-C7  1.884(2) Si2-C16  1.870(2) Si2-C17  1.871(2) 
Si2-C18  1.875(2) Si3-C27  1.861(2) Si3-C25  1.870(2) 
Si3-C26  1.873(2) Si4-C35  1.869(2) Si4-C34  1.870(3) 
Si4-C36  1.871(3) C1-C2  1.395(3) C1-C6  1.416(3) 
C2-C3  1.372(3) C2-F1  1.405(2) C3-C4  1.390(3) 
C4-C5  1.383(4) C5-C6  1.391(3) C10-C11  1.396(3) 
C10-C15  1.414(3) C11-C12  1.373(3) C11-F2  1.395(2) 
C12-C13  1.390(3) C13-C14  1.389(4) C14-C15  1.391(3) 
C19-C24  1.397(3) C19-C20  1.399(3) C20-F3  1.357(2) 
C20-C21  1.381(3) C21-C22  1.389(3) C22-C23  1.390(3) 
C23-C24  1.400(3) C28-C33  1.398(3) C28-C29  1.404(3) 
C29-F4  1.359(3) C29-C30  1.378(3) C30-C31  1.384(4) 
C31-C32  1.379(4) C32-C33  1.391(3)   
 
Table 3.6.31 Bond angles of 3.8 (°). 
N3-U1-N4 103.56(6) N3-U1-N1 92.26(6) 
N3-U1-N2 134.16(6) N4-U1-N2 96.70(6) 
N3-U1-F1 107.53(5) N4-U1-F1 71.86(5) 
N2-U1-F1 117.80(5) N3-U1-F2 69.77(5) 
N1-U1-F2 118.05(5) N2-U1-F2 65.68(5) 
N3-U1-C19 29.37(6) N4-U1-C19 98.65(6) 
N2-U1-C19 160.61(6) F1-U1-C19 78.47(5) 
N3-U1-C28 91.89(6) N4-U1-C28 28.30(6) 
N2-U1-C28 86.97(6) F1-U1-C28 99.92(5) 
C19-U1-C28 101.13(6) C1-N1-Si1 117.87(14) 
Si1-N1-U1 121.80(9) C10-N2-Si2 119.24(14) 
Si2-N2-U1 118.23(9) C19-N3-Si3 117.07(14) 
Si3-N3-U1 143.11(10) C28-N4-Si4 114.92(13) 
Si4-N4-U1 143.17(9) N1-Si1-C9 108.30(9) 
C9-Si1-C8 109.40(11) N1-Si1-C7 116.07(10) 
C8-Si1-C7 108.68(11) N2-Si2-C16 106.97(9) 
C16-Si2-C17 106.90(11) N2-Si2-C18 111.78(10) 
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C17-Si2-C18 110.54(11) N3-Si3-C27 112.71(10) 
C27-Si3-C25 109.48(12) N3-Si3-C26 110.61(10) 
C25-Si3-C26 106.87(12) N4-Si4-C35 109.92(10) 
C35-Si4-C34 108.31(12) N4-Si4-C36 111.88(10) 
C34-Si4-C36 107.01(13) C2-C1-N1 120.28(18) 
N1-C1-C6 126.90(19) C3-C2-C1 127.5(2) 
C1-C2-F1 114.93(18) C2-C3-C4 117.4(2) 
C4-C5-C6 121.6(2) C5-C6-C1 121.7(2) 
C11-C10-C15 113.2(2) N2-C10-C15 127.4(2) 
C12-C11-C10 127.5(2) F2-C11-C10 114.41(18) 
C14-C13-C12 119.1(2) C13-C14-C15 121.8(2) 
C24-C19-C20 115.84(19) C24-C19-N3 121.74(19) 
C24-C19-U1 95.97(13) C20-C19-U1 122.36(14) 
F3-C20-C21 118.7(2) F3-C20-C19 117.37(19) 
C20-C21-C22 118.6(2) C21-C22-C23 119.9(2) 
C19-C24-C23 121.7(2) C33-C28-C29 114.9(2) 
C29-C28-N4 122.76(19) C33-C28-U1 100.05(14) 
N4-C28-U1 49.94(9) F4-C29-C30 118.0(2) 
C30-C29-C28 123.8(2) C29-C30-C31 119.2(2) 
C31-C32-C33 120.1(2) C32-C33-C28 122.4(2) 
C11-F2-U1 118.01(11) C35-Si4-C36 105.64(12) 
N4-U1-N1 138.46(6) C2-C1-C6 112.81(19) 
N1-U1-N2 99.13(6) C3-C2-F1 117.61(19) 
N1-U1-F1 66.76(5) C5-C4-C3 119.0(2) 
N4-U1-F2 103.48(5) C11-C10-N2 119.39(19) 
F1-U1-F2 174.17(4) C12-C11-F2 118.10(19) 
N1-U1-C19 76.88(6) C11-C12-C13 117.1(2) 
F2-U1-C19 99.10(5) C14-C15-C10 121.3(2) 
N1-U1-C28 166.68(6) C20-C19-N3 122.38(19) 
F2-U1-C28 75.24(5) N3-C19-U1 51.05(9) 
C1-N1-U1 120.29(13) C21-C20-C19 124.0(2) 
C10-N2-U1 122.23(14) C22-C23-C24 120.0(2) 
C19-N3-U1 99.58(12) C33-C28-N4 122.38(19) 
C28-N4-U1 101.75(12) C29-C28-U1 120.67(15) 
N1-Si1-C8 109.17(10) F4-C29-C28 118.1(2) 
C9-Si1-C7 105.03(11) C32-C31-C30 119.6(2) 
N2-Si2-C17 112.93(10) C2-F1-U1 116.04(11) 
C16-Si2-C18 107.38(11) C27-Si3-C26 108.05(12) 
N3-Si3-C25 108.95(10) N4-Si4-C34 113.70(10) 
 
Table 3.6.32 Bond lengths of 3.9 (Å). 
U1-N4  2.031(4) U1-N2  2.281(4) U1-N3  2.306(4) 
U1-N1  2.325(4) U1-Si2  3.4412(13) U1-K2  4.1289(12) 
N1-C1  1.398(5) N1-Si1  1.735(4) N2-C10  1.393(6) 
N2-Si2  1.737(4) N3-C19  1.399(6) N3-Si3  1.733(4) 
N4-C28  1.382(6) N4-K2  2.887(4) C1-C2  1.393(7) 
C1-C6  1.400(6) C2-F1  1.358(5) C2-C3  1.379(7) 
C3-F2  1.336(6) C3-C4  1.368(7) C4-F3  1.350(5) 
C4-C5  1.369(8) C5-F4  1.344(5) C5-C6  1.379(6) 
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C6-F5  1.339(5) C7-Si1  1.865(5) C8-Si1  1.870(5) 
C9-Si1  1.853(5) C10-C15  1.387(7) C10-C11  1.400(7) 
C11-F6  1.340(6) C11-C12  1.385(7) C12-F7  1.345(6) 
C12-C13  1.364(8) C13-F8  1.346(6) C13-C14  1.366(8) 
C14-F9  1.338(6) C14-C15  1.382(7) C15-F10  1.351(6) 
C16-Si2  1.854(5) C17-Si2  1.855(6) C18-Si2  1.872(5) 
C19-C20  1.398(6) C19-C24  1.401(7) C20-F11  1.342(6) 
C20-C21  1.376(7) C21-F12  1.337(6) C21-C22  1.377(9) 
C22-F13  1.346(6) C22-C23  1.367(9) C23-F14  1.352(6) 
C23-C24  1.370(7) C24-F15  1.343(6) C25-Si3  1.858(5) 
C26-Si3  1.859(6) C27-Si3  1.861(5) C28-C33  1.403(6) 
C28-C29  1.410(6) C28-K2  3.249(5) C29-F16  1.353(5) 
C29-C30  1.373(7) C29-K2  3.383(5) C30-F17  1.348(6) 
C30-C31  1.370(7) C31-F18  1.356(5) C31-C32  1.367(7) 
C32-F19  1.356(5) C32-C33  1.374(7) C33-F20  1.343(5) 
F1-K2  2.711(3) F12-K2#1  2.802(3) F16-K2  3.038(4) 
F18-K2#2  2.821(3) F19-K2#2  2.988(3) K2-O1  2.610(4) 
K2-F12#3  2.802(3) K2-F18#2  2.821(3) K2-F19#2  2.988(3) 
O1-C34  1.416(9) O1-C37  1.425(8) C34-C35  1.417(12) 
C35-C36  1.444(12) C36-C37  1.443(10)   
Symmetry transformations used to generate equivalent atoms:  
#1 x-1,y,z    #2 -x+2,-y,-z+1    #3 x+1,y,z      
Table 3.6.33 Bond angles of 3.9 (°). 
N4-U1-N2 97.51(14) N4-U1-N3 104.29(14) 
N4-U1-N1 106.69(14) N2-U1-N1 106.75(13) 
N4-U1-Si2 123.98(11) N2-U1-Si2 26.67(10) 
N1-U1-Si2 99.03(9) N4-U1-K2 40.04(11) 
N3-U1-K2 143.10(9) N1-U1-K2 74.13(9) 
C1-N1-Si1 118.7(3) C1-N1-U1 123.7(3) 
C10-N2-Si2 118.2(3) C10-N2-U1 124.4(3) 
C19-N3-Si3 119.2(3) C19-N3-U1 111.7(3) 
C28-N4-U1 153.9(3) C28-N4-K2 92.2(3) 
C2-C1-N1 122.6(4) C2-C1-C6 114.5(4) 
F1-C2-C3 117.3(4) F1-C2-C1 118.9(4) 
F2-C3-C4 120.3(4) F2-C3-C2 120.6(5) 
F3-C4-C3 120.1(5) F3-C4-C5 120.0(5) 
F4-C5-C4 120.0(4) F4-C5-C6 119.8(5) 
F5-C6-C5 118.5(4) F5-C6-C1 118.9(4) 
C15-C10-N2 122.4(5) C15-C10-C11 114.9(4) 
F6-C11-C12 118.3(5) F6-C11-C10 119.2(4) 
F7-C12-C13 120.3(5) F7-C12-C11 119.8(5) 
F8-C13-C12 119.9(5) F8-C13-C14 120.2(5) 
F9-C14-C13 120.3(5) F9-C14-C15 120.1(5) 
F10-C15-C14 117.6(5) F10-C15-C10 119.2(4) 
C20-C19-N3 122.6(4) C20-C19-C24 114.4(4) 
F11-C20-C21 118.2(5) F11-C20-C19 118.9(4) 
F12-C21-C20 120.3(6) F12-C21-C22 119.6(5) 
F13-C22-C23 120.6(6) F13-C22-C21 120.2(6) 
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F14-C23-C22 119.7(5) F14-C23-C24 120.2(5) 
F15-C24-C23 117.6(5) F15-C24-C19 119.0(4) 
N4-C28-C33 123.9(4) N4-C28-C29 122.8(4) 
N4-C28-K2 62.6(2) C33-C28-K2 129.1(3) 
F16-C29-C30 118.2(4) F16-C29-C28 117.9(4) 
F16-C29-K2 63.8(2) C30-C29-K2 134.8(4) 
F17-C30-C31 119.8(4) F17-C30-C29 120.3(5) 
F18-C31-C32 120.5(4) F18-C31-C30 120.6(5) 
F19-C32-C31 118.4(4) F19-C32-C33 120.6(4) 
F20-C33-C32 118.1(4) F20-C33-C28 118.9(4) 
N1-Si1-C9 113.3(2) N1-Si1-C7 106.2(2) 
N1-Si1-C8 110.3(2) C9-Si1-C8 109.6(3) 
N2-Si2-C16 111.7(2) N2-Si2-C17 112.1(2) 
N2-Si2-C18 104.2(2) C16-Si2-C18 110.3(3) 
N2-Si2-U1 36.12(13) C16-Si2-U1 125.34(18) 
C18-Si2-U1 68.05(17) N3-Si3-C25 110.9(2) 
C25-Si3-C26 108.4(3) N3-Si3-C27 107.2(2) 
C26-Si3-C27 108.5(3) C2-F1-K2 156.3(3) 
C29-F16-K2 92.7(3) C31-F18-K2#2 122.2(3) 
O1-K2-F1 81.33(12) O1-K2-F12#3 70.97(14) 
O1-K2-F18#2 77.35(13) F1-K2-F18#2 133.49(10) 
O1-K2-N4 145.33(14) F1-K2-N4 94.07(10) 
F18#2-K2-N4 81.50(11) O1-K2-F19#2 87.85(12) 
F12#3-K2-F19#2 82.43(11) F18#2-K2-F19#2 55.34(9) 
O1-K2-F16 155.09(13) F1-K2-F16 114.89(9) 
F18#2-K2-F16 100.86(9) N4-K2-F16 56.21(10) 
O1-K2-C28 145.56(14) F1-K2-C28 118.81(11) 
F18#2-K2-C28 68.59(11) N4-K2-C28 25.17(10) 
F16-K2-C28 44.09(10) O1-K2-C29 149.81(13) 
F12#3-K2-C29 111.49(13) F18#2-K2-C29 78.43(11) 
F19#2-K2-C29 63.45(11) F16-K2-C29 23.55(10) 
O1-K2-U1 132.63(11) F1-K2-U1 67.21(7) 
F18#2-K2-U1 99.02(8) N4-K2-U1 26.91(7) 
F16-K2-U1 72.28(7) C28-K2-U1 51.97(8) 
C34-O1-C37 107.3(5) C34-O1-K2 128.0(4) 
O1-C34-C35 108.9(7) C34-C35-C36 107.3(7) 
O1-C37-C36 108.5(6) C31-C32-C33 121.0(4) 
N2-U1-N3 115.04(14) C32-C33-C28 123.0(4) 
N3-U1-N1 123.08(13) C9-Si1-C7 109.4(2) 
N3-U1-Si2 101.49(9) C7-Si1-C8 107.9(2) 
N2-U1-K2 85.19(10) C16-Si2-C17 109.5(3) 
Si2-U1-K2 107.80(3) C17-Si2-C18 109.0(3) 
Si1-N1-U1 117.09(17) C17-Si2-U1 122.9(2) 
Si2-N2-U1 117.21(19) N3-Si3-C26 111.7(2) 
Si3-N3-U1 129.1(2) C25-Si3-C27 110.0(3) 
U1-N4-K2 113.06(15) C21-F12-K2#1 147.6(3) 
N1-C1-C6 122.9(4) C32-F19-K2#2 117.1(3) 
C3-C2-C1 123.8(4) F1-K2-F12#3 81.53(12) 
C4-C3-C2 119.1(5) F12#3-K2-F18#2 127.60(12) 
C3-C4-C5 119.9(4) F12#3-K2-N4 142.68(12) 
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C4-C5-C6 120.1(4) F1-K2-F19#2 162.89(10) 
C5-C6-C1 122.6(4) N4-K2-F19#2 102.30(10) 
N2-C10-C11 122.8(5) F12#3-K2-F16 91.99(11) 
C12-C11-C10 122.5(5) F19#2-K2-F16 71.56(9) 
C13-C12-C11 119.9(5) F12#3-K2-C28 135.52(12) 
C12-C13-C14 119.9(5) F19#2-K2-C28 77.23(10) 
C13-C14-C15 119.6(5) F1-K2-C29 128.77(11) 
C14-C15-C10 123.2(5) N4-K2-C29 45.18(11) 
N3-C19-C24 123.0(4) C28-K2-C29 24.45(11) 
C21-C20-C19 122.9(5) F12#3-K2-U1 133.11(9) 
C20-C21-C22 120.1(5) F19#2-K2-U1 129.19(7) 
C23-C22-C21 119.2(5) C29-K2-U1 69.08(8) 
C22-C23-C24 120.1(5) C37-O1-K2 123.2(4) 
C23-C24-C19 123.4(5) C35-C36-C37 106.1(7) 
C33-C28-C29 113.3(4) C28-C29-K2 72.4(3) 
C29-C28-K2 83.1(3) C31-C30-C29 119.9(4) 
C30-C29-C28 123.9(4) C32-C31-C30 118.8(4) 
Symmetry transformations used to generate equivalent atoms:  
#1 x-1,y,z    #2 -x+2,-y,-z+1    #3 x+1,y,z      
Table 3.6.34 Bond lengths of 3.10 (Å). 
U1-N2  2.003(3) U1-N2#1  2.003(3) U1-N1#1  2.378(3) 
U1-N1  2.378(3) U1-O1'  2.465(9) U1-O1'#1  2.465(9) 
U1-O1  2.479(7) U1-O1#1  2.479(7) Si1-C9  1.725(7) 
Si1-N1  1.737(3) Si1-C7'  1.742(9) Si1-C8  1.842(8) 
Si1-C9'  1.911(8) Si1-C7  1.932(7) Si1-C8'  2.001(7) 
N1-C1  1.403(4) N2-C10  1.365(4) C1-C6  1.394(4) 
C1-C2  1.397(5) C2-F1  1.344(4) C2-C3  1.382(5) 
C3-F2  1.346(4) C3-C4  1.366(6) C4-F3  1.354(4) 
C4-C5  1.365(6) C5-F4  1.345(4) C5-C6  1.384(5) 
C6-F5  1.342(4) C10-C11  1.396(5) C10-C15  1.403(5) 
C11-F6  1.344(4) C11-C12  1.364(6) C12-F7  1.334(5) 
C12-C13  1.372(6) C13-F8  1.346(5) C13-C14  1.366(6) 
C14-F9  1.352(4) C14-C15  1.368(5) C15-F10  1.344(4) 
O1-C19  1.435(7) O1-C16  1.448(7) C16-C17  1.504(9) 
C17-C18  1.508(11) C18-C19  1.502(10) O1'-C16'  1.438(7) 
O1'-C19'  1.444(7) C16'-C17'  1.464(11) C17'-C18'  1.455(12) 
C18'-C19'  1.477(10) K1-O5#2  2.696(3) K1-O5  2.696(3) 
K1-O4#2  2.797(2) K1-O4  2.797(3) K1-O3  2.801(3) 
K1-O3#2  2.801(3) K1-O2  2.814(2) K1-O2#2  2.814(2) 
O2-C20  1.408(5) O2-C25#2  1.420(5) O3-C22  1.402(6) 
O3-C21  1.427(6) O4-C24  1.409(5) O4-C23  1.428(6) 
O5-C29  1.411(6) O5-C26  1.426(7) C20-C21  1.470(7) 
C22-C23  1.487(8) C24-C25  1.484(6) C25-O2#2  1.420(5) 
C26-C27  1.424(8) C27-C28  1.472(7) C28-C29  1.442(7) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z+1    #2 -x,-y,-z+2      
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Table 3.6.35 Bond angles of 3.10 (°). 
N2-U1-N2#1 180.00(13) N2-U1-N1#1 88.68(10) 
N2-U1-N1 91.32(10) N2#1-U1-N1 88.68(10) 
N2-U1-O1' 85.2(3) N2#1-U1-O1' 94.8(3) 
N1-U1-O1' 83.8(2) N2-U1-O1'#1 94.8(3) 
N1#1-U1-O1'#1 83.8(2) N1-U1-O1'#1 96.2(2) 
N2-U1-O1 93.2(2) N2#1-U1-O1 86.8(2) 
N1-U1-O1 93.41(18) O1'-U1-O1 12.63(15) 
N2-U1-O1#1 86.8(2) N2#1-U1-O1#1 93.2(2) 
N1-U1-O1#1 86.59(18) O1'-U1-O1#1 167.37(15) 
O1-U1-O1#1 180.000(1) C9-Si1-N1 112.1(3) 
N1-Si1-C7' 120.7(3) C9-Si1-C8 115.3(4) 
C7'-Si1-C8 47.4(4) C9-Si1-C9' 45.9(4) 
C7'-Si1-C9' 107.5(4) C8-Si1-C9' 137.3(4) 
N1-Si1-C7 106.3(3) C7'-Si1-C7 57.7(4) 
C9'-Si1-C7 62.9(4) C9-Si1-C8' 54.9(4) 
C7'-Si1-C8' 105.1(4) C8-Si1-C8' 65.9(4) 
C7-Si1-C8' 143.7(3) C1-N1-Si1 113.9(2) 
Si1-N1-U1 130.44(14) C10-N2-U1 164.6(2) 
C6-C1-N1 123.0(3) C2-C1-N1 123.2(3) 
F1-C2-C1 119.2(3) C3-C2-C1 123.4(3) 
F2-C3-C2 120.2(4) C4-C3-C2 120.2(3) 
F3-C4-C3 120.6(4) C5-C4-C3 119.0(3) 
F4-C5-C6 120.2(4) C4-C5-C6 120.3(3) 
F5-C6-C1 118.9(3) C5-C6-C1 123.3(3) 
N2-C10-C15 123.6(3) C11-C10-C15 113.4(3) 
F6-C11-C10 118.8(3) C12-C11-C10 123.8(3) 
F7-C12-C13 119.3(4) C11-C12-C13 120.3(4) 
F8-C13-C12 120.8(4) C14-C13-C12 118.5(4) 
F9-C14-C15 120.0(4) C13-C14-C15 120.6(3) 
F10-C15-C10 118.8(3) C14-C15-C10 123.3(4) 
C19-O1-U1 128.2(5) C16-O1-U1 124.1(4) 
C16-C17-C18 103.4(6) C19-C18-C17 105.9(6) 
C16'-O1'-C19' 108.6(7) C16'-O1'-U1 123.5(5) 
O1'-C16'-C17' 109.4(8) C18'-C17'-C16' 105.4(8) 
O1'-C19'-C18' 106.3(7) O5#2-K1-O5 180.000(1) 
O5-K1-O4#2 98.02(11) O5#2-K1-O4 98.02(11) 
O4#2-K1-O4 180.00(12) O5#2-K1-O3 93.23(14) 
O4#2-K1-O3 119.03(9) O4-K1-O3 60.97(9) 
O5-K1-O3#2 93.23(14) O4#2-K1-O3#2 60.97(9) 
O3-K1-O3#2 180.00(16) O5#2-K1-O2 97.69(10) 
O4#2-K1-O2 60.32(8) O4-K1-O2 119.68(8) 
O3#2-K1-O2 119.70(8) O5#2-K1-O2#2 82.31(10) 
O4#2-K1-O2#2 119.68(8) O4-K1-O2#2 60.32(8) 
O3#2-K1-O2#2 60.30(8) O2-K1-O2#2 180.0 
C20-O2-K1 113.5(2) C25#2-O2-K1 114.4(2) 
C22-O3-K1 112.6(3) C21-O3-K1 114.0(2) 
C24-O4-K1 113.6(2) C23-O4-K1 114.1(3) 
C29-O5-K1 124.2(3) C26-O5-K1 125.8(3) 
O3-C21-C20 109.6(4) O3-C22-C23 109.8(5) 
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O4-C24-C25 109.0(3) O2#2-C25-C24 109.2(3) 
C26-C27-C28 104.3(4) C29-C28-C27 106.7(4) 
N2#1-U1-N1#1 91.32(10) F5-C6-C5 117.8(3) 
N1#1-U1-N1 180.0 N2-C10-C11 122.9(3) 
N1#1-U1-O1' 96.2(2) F6-C11-C12 117.4(4) 
N2#1-U1-O1'#1 85.2(3) F7-C12-C11 120.4(4) 
O1'-U1-O1'#1 180.000(1) F8-C13-C14 120.7(4) 
N1#1-U1-O1 86.59(18) F9-C14-C13 119.4(4) 
O1'#1-U1-O1 167.37(15) F10-C15-C14 117.9(3) 
N1#1-U1-O1#1 93.41(18) C19-O1-C16 107.6(6) 
O1'#1-U1-O1#1 12.63(15) O1-C16-C17 107.5(6) 
C9-Si1-C7' 127.1(3) O1-C19-C18 102.4(7) 
N1-Si1-C8 110.2(3) C19'-O1'-U1 127.9(5) 
N1-Si1-C9' 112.5(3) C17'-C18'-C19' 108.9(8) 
C9-Si1-C7 107.1(4) O5#2-K1-O4#2 81.98(11) 
C8-Si1-C7 105.2(5) O5-K1-O4 81.98(11) 
N1-Si1-C8' 109.8(2) O5-K1-O3 86.77(14) 
C9'-Si1-C8' 98.8(4) O5#2-K1-O3#2 86.77(14) 
C1-N1-U1 115.64(19) O4-K1-O3#2 119.03(9) 
C6-C1-C2 113.9(3) O5-K1-O2 82.31(10) 
F1-C2-C3 117.4(3) O3-K1-O2 60.30(8) 
F2-C3-C4 119.6(3) O5-K1-O2#2 97.69(10) 
F3-C4-C5 120.4(4) O3-K1-O2#2 119.70(8) 
F4-C5-C4 119.5(3) C20-O2-C25#2 113.2(3) 
O2-C20-C21 108.9(4) C22-O3-C21 112.7(4) 
O4-C23-C22 109.1(4) C24-O4-C23 112.7(3) 
C27-C26-O5 108.9(5) C29-O5-C26 108.5(4) 
O5-C29-C28 105.0(4)   
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z+1    #2 -x,-y,-z+2      
Table 3.6.36 Bond lengths of 3.11 (Å). 
U1-N2  2.263(5) U1-N4  2.265(5) U1-N1  2.271(5) 
U1-N3  2.284(5) U1-Si2  3.4241(18) U1-Si4  3.4434(18) 
N1-C1  1.422(7) N1-Si1  1.765(5) N2-C10  1.424(8) 
N2-Si2  1.767(5) N3-C19  1.422(8) N3-Si3  1.757(5) 
N4-C28  1.414(7) N4-Si4  1.762(5) Si1-C9  1.857(7) 
Si1-C7  1.858(8) Si1-C8  1.864(7) Si2-C17  1.855(7) 
Si2-C18  1.860(7) Si2-C16  1.868(6) Si3-C27  1.861(7) 
Si3-C25  1.866(7) Si3-C26  1.871(7) Si4-C36  1.856(8) 
Si4-C35  1.861(7) Si4-C34  1.864(6) C1-C2  1.392(9) 
C1-C6  1.396(8) C2-F1  1.346(7) C2-C3  1.391(9) 
C3-F2  1.340(8) C3-C4  1.367(10) C4-F3  1.344(7) 
C4-C5  1.373(10) C5-F4  1.337(7) C5-C6  1.392(9) 
C6-F5  1.338(7) C10-C15  1.397(8) C10-C11  1.397(9) 
C11-F6  1.351(7) C11-C12  1.379(9) C12-F7  1.354(7) 
C12-C13  1.368(10) C13-F8  1.340(7) C13-C14  1.377(10) 
C14-F9  1.338(8) C14-C15  1.392(9) C15-F10  1.342(7) 
C19-C20  1.397(9) C19-C24  1.401(9) C20-F11  1.344(8) 
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C20-C21  1.375(9) C21-F12  1.349(8) C21-C22  1.363(11) 
C22-F13  1.351(8) C22-C23  1.377(11) C23-F14  1.345(8) 
C23-C24  1.378(10) C24-F15  1.340(7) C28-C33  1.396(9) 
C28-C29  1.399(9) C29-F16  1.342(8) C29-C30  1.392(9) 
C30-F17  1.344(9) C30-C31  1.374(12) C31-F18  1.345(8) 
C31-C32  1.376(12) C32-F19  1.341(9) C32-C33  1.385(9) 
C33-F20  1.348(8)     
 
Table 3.6.37 Bond angles of 3.11 (°). 
N2-U1-N4 127.05(16) N2-U1-N1 103.31(18) 
N2-U1-N3 104.34(17) N4-U1-N3 102.79(17) 
N2-U1-Si2 27.69(14) N4-U1-Si2 105.34(13) 
N3-U1-Si2 95.98(13) N2-U1-Si4 106.00(13) 
N1-U1-Si4 93.97(13) N3-U1-Si4 128.59(13) 
C1-N1-Si1 110.6(4) C1-N1-U1 124.9(4) 
C10-N2-Si2 112.9(4) C10-N2-U1 131.3(4) 
C19-N3-Si3 112.4(4) C19-N3-U1 126.5(4) 
C28-N4-Si4 115.7(4) C28-N4-U1 127.3(4) 
N1-Si1-C9 106.7(3) N1-Si1-C7 110.4(3) 
N1-Si1-C8 112.3(3) C9-Si1-C8 110.9(3) 
N2-Si2-C17 112.4(3) N2-Si2-C18 110.8(3) 
N2-Si2-C16 105.2(3) C17-Si2-C16 110.1(3) 
N2-Si2-U1 36.51(16) C17-Si2-U1 121.2(3) 
C16-Si2-U1 69.0(2) N3-Si3-C27 111.6(3) 
C27-Si3-C25 109.6(4) N3-Si3-C26 111.6(3) 
C25-Si3-C26 110.7(3) N4-Si4-C36 112.0(3) 
C36-Si4-C35 108.1(4) N4-Si4-C34 104.9(3) 
C35-Si4-C34 111.1(3) N4-Si4-U1 35.90(16) 
C35-Si4-U1 121.4(3) C34-Si4-U1 69.2(2) 
C2-C1-N1 122.0(5) C6-C1-N1 122.2(5) 
F1-C2-C1 120.1(5) C3-C2-C1 122.4(6) 
F2-C3-C2 119.6(6) C4-C3-C2 120.0(6) 
F3-C4-C5 119.7(6) C3-C4-C5 119.8(6) 
F4-C5-C6 119.4(6) C4-C5-C6 119.8(6) 
F5-C6-C1 120.4(5) C5-C6-C1 122.3(6) 
C15-C10-N2 122.3(5) C11-C10-N2 122.7(5) 
F6-C11-C10 118.8(6) C12-C11-C10 122.7(6) 
F7-C12-C11 119.1(6) C13-C12-C11 120.6(6) 
F8-C13-C14 120.4(7) C12-C13-C14 119.3(6) 
F9-C14-C15 120.4(6) C13-C14-C15 119.6(6) 
F10-C15-C10 120.0(5) C14-C15-C10 122.8(6) 
C20-C19-N3 122.7(5) C24-C19-N3 122.3(5) 
F11-C20-C19 119.5(6) C21-C20-C19 122.7(6) 
F12-C21-C20 119.9(6) C22-C21-C20 120.5(6) 
F13-C22-C23 120.6(7) C21-C22-C23 119.0(6) 
F14-C23-C24 120.3(7) C22-C23-C24 120.4(6) 
F15-C24-C19 119.6(6) C23-C24-C19 122.3(6) 
C33-C28-N4 122.5(6) C29-C28-N4 122.1(5) 
F16-C29-C28 119.8(5) C30-C29-C28 122.4(6) 
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F17-C30-C29 119.1(7) C31-C30-C29 119.8(7) 
F18-C31-C32 120.2(7) C30-C31-C32 119.7(6) 
F19-C32-C33 120.3(7) C31-C32-C33 119.8(7) 
F20-C33-C28 119.7(6) C32-C33-C28 122.9(7) 
N4-U1-N1 102.70(17) C2-C1-C6 115.7(5) 
N1-U1-N3 117.91(16) F1-C2-C3 117.5(6) 
N1-U1-Si2 129.15(12) F2-C3-C4 120.4(6) 
N4-U1-Si4 27.14(12) F3-C4-C3 120.5(7) 
Si2-U1-Si4 92.30(5) F4-C5-C4 120.8(6) 
Si1-N1-U1 124.4(3) F5-C6-C5 117.3(5) 
Si2-N2-U1 115.8(3) C15-C10-C11 115.0(6) 
Si3-N3-U1 121.0(3) F6-C11-C12 118.5(6) 
Si4-N4-U1 117.0(2) F7-C12-C13 120.3(6) 
C9-Si1-C7 109.5(4) F8-C13-C12 120.3(6) 
C7-Si1-C8 107.1(4) F9-C14-C13 120.0(6) 
C17-Si2-C18 108.9(4) F10-C15-C14 117.3(6) 
C18-Si2-C16 109.3(3) C20-C19-C24 115.0(6) 
C18-Si2-U1 127.4(2) F11-C20-C21 117.7(6) 
N3-Si3-C25 106.4(3) F12-C21-C22 119.6(6) 
C27-Si3-C26 107.1(3) F13-C22-C21 120.3(7) 
N4-Si4-C35 111.8(3) F14-C23-C22 119.3(7) 
C36-Si4-C34 109.0(3) F15-C24-C23 118.1(6) 
C36-Si4-U1 127.7(3) C33-C28-C29 115.4(5) 
F18-C31-C30 120.0(8) F16-C29-C30 117.8(6) 
F19-C32-C31 120.0(6) F17-C30-C31 121.1(6) 
F20-C33-C32 117.5(6)   
 
Table 3.6.38 Bond lengths of 3.12 (Å). 
Ce1-O1  2.369(3) Ce1-O2  2.370(2) Ce1-S5  2.9390(9) 
Ce1-S2  2.9506(10) Ce1-S6  2.9882(9) Ce1-S4  2.9915(9) 
Ce1-S3  3.0083(8) Ce1-S1  3.0340(8) O1-P1  1.494(3) 
O2-P2  1.496(3) N1-C1  1.368(4) N1-C2  1.426(3) 
N1-Si1  1.823(3) N3-C21  1.373(5) N3-C22  1.440(3) 
N3-Si3  1.806(3) P1-C43'  1.749(11) P1-C37'  1.793(9) 
P1-C37  1.800(6) P1-C31  1.8024(19) P1-C43  1.814(5) 
P2-C49'  1.778(11) P2-C61  1.794(2) P2-C55  1.7962(19) 
P2-C49  1.813(6) Si1-C8  1.846(6) Si1-C9  1.855(7) 
Si1-C10  1.875(5) Si3-C30  1.862(4) Si3-C28  1.869(5) 
Si3-C29  1.871(5) S1-C1  1.699(4) S2-C1  1.718(3) 
S3-C11  1.704(4) S4-C11  1.698(4) S5-C21  1.712(4) 
S6-C21  1.696(3) C2-C7  1.3949 C2-C3  1.3950 
C3-F5  1.3502 C3-C4  1.3950 C4-F4  1.3501 
C4-C5  1.3949 C5-F3  1.3501 C5-C6  1.3950 
C6-F2  1.3502 C6-C7  1.3950 C7-F1  1.3501 
C11-N2  1.374(5) C11-N2'  1.412(6) N2-C12  1.4411 
N2-Si2  1.822(5) C12-C17  1.3949 C12-C13  1.3950 
C13-F10  1.3501 C13-C14  1.3950 C14-F9  1.3501 
C14-C15  1.3949 C15-F8  1.3502 C15-C16  1.3949 
C16-F7  1.3501 C16-C17  1.3949 C17-F6  1.3502 
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Si2-C20  1.866(7) Si2-C19  1.869(7) Si2-C18  1.871(7) 
N2'-C12'  1.4406 N2'-Si2'  1.840(6) C12'-C13'  1.3950 
C12'-C17'  1.3950 C13'-F10'  1.3501 C13'-C14'  1.3950 
C14'-F9'  1.3501 C14'-C15'  1.3949 C15'-F8'  1.3502 
C15'-C16'  1.3949 C16'-F7'  1.3502 C16'-C17'  1.3949 
C17'-F6'  1.3501 Si2'-C19'  1.857(8) Si2'-C20'  1.863(8) 
Si2'-C18'  1.879(8) C22-C23  1.3950 C22-C27  1.3950 
C23-F15  1.3501 C23-C24  1.3949 C24-F14  1.3502 
C24-C25  1.3950 C25-F13  1.3501 C25-C26  1.3949 
C26-F12  1.3502 C26-C27  1.3950 C27-F11  1.3501 
C31-C32  1.3944 C31-C36  1.3944 C32-C33  1.3943 
C33-C34  1.3944 C34-C35  1.3944 C35-C36  1.3944 
C37-C38  1.3944 C37-C42  1.3944 C38-C39  1.3944 
C39-C40  1.3944 C40-C41  1.3944 C41-C42  1.3944 
C37'-C42'  1.3950 C37'-C38'  1.3951 C38'-C39'  1.3951 
C39'-C40'  1.3949 C40'-C41'  1.3950 C41'-C42'  1.3951 
C43-C44  1.3944 C43-C48  1.3944 C44-C45  1.3944 
C45-C46  1.3944 C46-C47  1.3944 C47-C48  1.3943 
C43'-C48'  1.3950 C43'-C44'  1.3950 C44'-C45'  1.3949 
C45'-C46'  1.3950 C46'-C47'  1.3949 C47'-C48'  1.3950 
C49-C50  1.3950 C49-C54  1.3951 C50-C51  1.3950 
C51-C52  1.3950 C52-C53  1.3950 C53-C54  1.3949 
C49'-C50'  1.3950 C49'-C54'  1.3951 C50'-C51'  1.3950 
C51'-C52'  1.3951 C52'-C53'  1.3951 C53'-C54'  1.3950 
C55-C56  1.3944 C55-C60  1.3944 C56-C57  1.3944 
C57-C58  1.3944 C58-C59  1.3944 C59-C60  1.3944 
C61-C62  1.3943 C61-C66  1.3944 C62-C63  1.3944 
C63-C64  1.3944 C64-C65  1.3944 C65-C66  1.3944 
 
Table 3.6.39 Bond angles of 3.12 (°). 
O1-Ce1-O2 154.42(9) O1-Ce1-S5 94.45(7) 
O1-Ce1-S2 84.03(7) O2-Ce1-S2 98.29(7) 
O1-Ce1-S6 78.56(7) O2-Ce1-S6 82.27(6) 
S2-Ce1-S6 135.60(2) O1-Ce1-S4 133.61(7) 
S5-Ce1-S4 79.68(3) S2-Ce1-S4 88.74(3) 
O1-Ce1-S3 74.53(7) O2-Ce1-S3 131.03(6) 
S2-Ce1-S3 83.62(3) S6-Ce1-S3 128.85(3) 
O1-Ce1-S1 81.42(7) O2-Ce1-S1 77.99(6) 
S2-Ce1-S1 59.65(2) S6-Ce1-S1 77.43(2) 
S3-Ce1-S1 137.92(2) P1-O1-Ce1 159.96(17) 
C1-N1-C2 118.7(3) C1-N1-Si1 124.8(2) 
C21-N3-C22 118.1(2) C21-N3-Si3 123.2(2) 
O1-P1-C43' 119.0(5) O1-P1-C37' 108.2(4) 
O1-P1-C37 110.2(3) C43'-P1-C37 102.4(5) 
O1-P1-C31 110.71(13) C43'-P1-C31 103.9(5) 
C37-P1-C31 110.1(3) O1-P1-C43 109.9(3) 
C37'-P1-C43 116.0(5) C37-P1-C43 106.6(3) 
O2-P2-C49' 108.8(4) O2-P2-C61 111.00(14) 
O2-P2-C55 110.45(13) C49'-P2-C55 106.7(5) 
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O2-P2-C49 112.8(2) C49'-P2-C49 7.8(6) 
C55-P2-C49 110.3(2) N1-Si1-C8 111.0(2) 
C8-Si1-C9 116.2(3) N1-Si1-C10 104.39(18) 
C9-Si1-C10 109.5(3) N3-Si3-C30 109.53(18) 
C30-Si3-C28 108.8(2) N3-Si3-C29 111.63(19) 
C28-Si3-C29 108.5(3) C1-S1-Ce1 87.52(12) 
C11-S3-Ce1 85.74(12) C11-S4-Ce1 86.39(14) 
C21-S6-Ce1 87.10(12) N1-C1-S1 121.6(3) 
S1-C1-S2 121.3(2) C7-C2-C3 120.0 
C3-C2-N1 119.79(16) F5-C3-C2 120.0 
C2-C3-C4 120.0 F4-C4-C5 120.0 
C5-C4-C3 120.0 F3-C5-C4 120.0 
C4-C5-C6 120.0 F2-C6-C7 120.0 
C7-C6-C5 120.0 F1-C7-C2 120.0 
C2-C7-C6 120.0 N2-C11-N2' 20.8(2) 
N2'-C11-S4 128.1(3) N2-C11-S3 127.6(3) 
S4-C11-S3 121.0(2) C11-N2-C12 113.5(3) 
C12-N2-Si2 117.6(2) C17-C12-C13 120.0 
C13-C12-N2 120.0 F10-C13-C12 120.0 
C12-C13-C14 120.0 F9-C14-C15 120.0 
C15-C14-C13 120.0 F8-C15-C16 120.0 
C16-C15-C14 120.0 F7-C16-C17 120.0 
C17-C16-C15 120.0 F6-C17-C16 120.0 
C16-C17-C12 120.0 N2-Si2-C20 109.9(5) 
C20-Si2-C19 112.6(6) N2-Si2-C18 102.9(6) 
C19-Si2-C18 107.4(6) C11-N2'-C12' 126.7(3) 
C12'-N2'-Si2' 116.6(2) C13'-C12'-C17' 120.0 
C17'-C12'-N2' 120.0 F10'-C13'-C14' 120.0 
C14'-C13'-C12' 120.0 F9'-C14'-C15' 120.0 
C15'-C14'-C13' 120.0 F8'-C15'-C16' 120.0 
C16'-C15'-C14' 120.0 F7'-C16'-C17' 120.0 
C17'-C16'-C15' 120.0 F6'-C17'-C16' 120.0 
C16'-C17'-C12' 120.0 N2'-Si2'-C19' 113.1(6) 
C19'-Si2'-C20' 112.6(7) N2'-Si2'-C18' 104.8(7) 
C20'-Si2'-C18' 108.9(7) N3-C21-S6 120.7(3) 
S6-C21-S5 122.0(2) C23-C22-C27 120.0 
C27-C22-N3 119.98(15) F15-C23-C24 120.0 
C24-C23-C22 120.0 F14-C24-C23 120.0 
C23-C24-C25 120.0 F13-C25-C26 120.0 
C26-C25-C24 120.0 F12-C26-C25 120.0 
C25-C26-C27 120.0 F11-C27-C26 120.0 
C26-C27-C22 120.0 C32-C31-C36 120.0 
C36-C31-P1 121.59(14) C33-C32-C31 120.0 
C33-C34-C35 120.0 C36-C35-C34 120.0 
C38-C37-C42 120.0 C38-C37-P1 118.2(5) 
C37-C38-C39 120.0 C38-C39-C40 120.0 
C40-C41-C42 120.0 C41-C42-C37 120.0 
C42'-C37'-P1 124.0(7) C38'-C37'-P1 116.0(7) 
C40'-C39'-C38' 120.0 C39'-C40'-C41' 120.0 
C37'-C42'-C41' 120.0 C44-C43-C48 120.0 
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C48-C43-P1 118.9(4) C43-C44-C45 120.0 
C45-C46-C47 120.0 C48-C47-C46 120.0 
C48'-C43'-C44' 120.0 C48'-C43'-P1 118.7(8) 
C45'-C44'-C43' 120.0 C44'-C45'-C46' 120.0 
C46'-C47'-C48' 120.0 C43'-C48'-C47' 120.0 
C50-C49-P2 118.5(4) C54-C49-P2 121.4(4) 
C50-C51-C52 120.0 C53-C52-C51 120.0 
C53-C54-C49 120.0 C50'-C49'-C54' 120.0 
C54'-C49'-P2 119.6(8) C49'-C50'-C51' 120.0 
C53'-C52'-C51' 120.0 C54'-C53'-C52' 120.0 
C56-C55-C60 120.0 C56-C55-P2 122.85(14) 
C55-C56-C57 120.0 C58-C57-C56 120.0 
C60-C59-C58 120.0 C55-C60-C59 120.0 
C62-C61-P2 118.41(14) C66-C61-P2 121.59(14) 
C62-C63-C64 120.0 C63-C64-C65 120.0 
C65-C66-C61 120.0 F10'-C13'-C12' 120.0 
O2-Ce1-S5 90.60(6) F9'-C14'-C13' 120.0 
S5-Ce1-S2 162.51(3) F8'-C15'-C14' 120.0 
S5-Ce1-S6 60.37(2) F7'-C16'-C15' 120.0 
O2-Ce1-S4 71.96(6) F6'-C17'-C12' 120.0 
S6-Ce1-S4 131.96(3) N2'-Si2'-C20' 108.2(7) 
S5-Ce1-S3 79.21(3) C19'-Si2'-C18' 108.8(7) 
S4-Ce1-S3 59.12(3) N3-C21-S5 117.3(2) 
S5-Ce1-S1 137.46(2) C23-C22-N3 120.02(15) 
S4-Ce1-S1 132.23(3) F15-C23-C22 120.0 
P2-O2-Ce1 172.67(16) F14-C24-C25 120.0 
C2-N1-Si1 116.25(19) F13-C25-C24 120.0 
C22-N3-Si3 118.3(2) F12-C26-C27 120.0 
C43'-P1-C37' 111.2(6) F11-C27-C22 120.0 
C37'-P1-C37 10.0(6) C32-C31-P1 118.30(14) 
C37'-P1-C31 102.5(4) C32-C33-C34 120.0 
C43'-P1-C43 9.1(7) C35-C36-C31 120.0 
C31-P1-C43 109.2(3) C42-C37-P1 121.1(5) 
C49'-P2-C61 111.8(5) C41-C40-C39 120.0 
C61-P2-C55 107.95(12) C42'-C37'-C38' 120.0 
C61-P2-C49 104.1(2) C39'-C38'-C37' 120.0 
N1-Si1-C9 108.9(2) C40'-C41'-C42' 120.0 
C8-Si1-C10 106.2(3) C44-C43-P1 121.0(4) 
N3-Si3-C28 103.84(19) C46-C45-C44 120.0 
C30-Si3-C29 114.0(2) C47-C48-C43 120.0 
C1-S2-Ce1 89.93(13) C44'-C43'-P1 121.2(8) 
C21-S5-Ce1 88.43(12) C47'-C46'-C45' 120.0 
N1-C1-S2 117.1(3) C50-C49-C54 120.0 
C7-C2-N1 120.11(17) C49-C50-C51 120.0 
F5-C3-C4 120.0 C54-C53-C52 120.0 
F4-C4-C3 120.0 C50'-C49'-P2 120.2(8) 
F3-C5-C6 120.0 C50'-C51'-C52' 120.0 
F2-C6-C5 120.0 C53'-C54'-C49' 120.0 
F1-C7-C6 120.0 C60-C55-P2 117.06(14) 
N2-C11-S4 111.4(3) C57-C58-C59 120.0 
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N2'-C11-S3 110.1(3) C62-C61-C66 120.0 
C11-N2-Si2 127.5(3) C61-C62-C63 120.0 
C17-C12-N2 120.0 C66-C65-C64 120.0 
F10-C13-C14 120.0 N2-Si2-C19 114.0(5) 
F9-C14-C13 120.0 C20-Si2-C18 109.5(6) 
F8-C15-C14 120.0 C11-N2'-Si2' 116.7(3) 
F7-C16-C15 120.0 C13'-C12'-N2' 120.0 
F6-C17-C12 120.0   
 
Table 3.6.40 Bond lengths of 3.13 (Å). 
Ce1-N2  2.440(3) Ce1-N7  2.454(3) Ce1-N4  2.488(3) 
Ce1-N8  2.494(3) Ce1-N1  2.497(3) Ce1-N5  2.506(3) 
Ce1-C1  2.924(4) Ce1-C33  2.941(4) Ce1-C17  2.968(3) 
Si1-N3  1.751(4) Si1-C12  1.838(7) Si1-C11  1.841(6) 
Si1-C13  1.860(7) F1-C3  1.338(5) F2-C4  1.327(5) 
F3-C5  1.356(6) F4-C6  1.336(6) F5-C7  1.342(5) 
F6-C19  1.350(5) F7-C20  1.336(5) F8-C21  1.339(5) 
F9-C22  1.350(5) F10-C23  1.336(5) F11-C35  1.330(6) 
F12-C36  1.348(6) F13-C37  1.344(6) F14-C38  1.336(7) 
F15-C39  1.343(6) N1-C1  1.360(6) N1-C2  1.404(5) 
N2-C1  1.324(5) N2-C8  1.461(6) N3-C1  1.399(5) 
N3-C14  1.464(7) N3-C14'  1.516(8) N4-C17  1.355(4) 
N4-C18  1.398(5) N5-C17  1.315(4) N5-C24  1.464(4) 
N6-C17  1.405(4) N6-C30  1.505(5) N6-Si2  1.730(3) 
N7-C33  1.365(5) N7-C34  1.390(5) N8-C33  1.309(5) 
N8-C40  1.461(5) N9-C33  1.403(5) N9-C46"  1.474(10) 
N9-C46  1.486(9) N9-C46'  1.494(10) N9-Si3  1.703(4) 
N9-Si3'  1.753(5) C2-C7  1.374(6) C2-C3  1.386(6) 
C3-C4  1.388(6) C4-C5  1.371(7) C5-C6  1.353(7) 
C6-C7  1.382(7) C8-C10  1.497(9) C8-C9  1.505(11) 
C14-C16  1.526(9) C14-C15  1.535(9) C14'-C15'  1.521(8) 
C14'-C16'  1.560(8) C18-C19  1.379(6) C18-C23  1.395(5) 
C19-C20  1.383(6) C20-C21  1.374(6) C21-C22  1.366(6) 
C22-C23  1.379(6) C24-C25  1.501(6) C24-C26  1.530(6) 
Si2-C27  1.842(5) Si2-C29  1.853(4) Si2-C28  1.866(4) 
C30-C32  1.456(7) C30-C31  1.547(7) C34-C35  1.376(6) 
C34-C39  1.378(7) C35-C36  1.379(7) C36-C37  1.359(8) 
C37-C38  1.356(8) C38-C39  1.384(7) C40-C41  1.508(6) 
C40-C42  1.543(8) Si3-C43  1.835(6) Si3-C44  1.846(7) 
Si3-C45  1.851(7) C46-C48  1.530(9) C46-C47  1.544(9) 
Si3'-C43'  1.832(8) Si3'-C44'  1.847(8) Si3'-C45'  1.855(8) 
C46'-C47'  1.547(10) C46'-C48'  1.546(10) C46"-C47"  1.537(10) 
C46"-C48"  1.538(10)     
 
Table 3.6.41 Bond angles of 3.13 (°). 
N2-Ce1-N7 99.10(12) N2-Ce1-N4 111.81(11) 
N2-Ce1-N8 129.74(11) N7-Ce1-N8 53.57(11) 
N2-Ce1-N1 53.83(12) N7-Ce1-N1 105.58(12) 
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N8-Ce1-N1 90.30(11) N2-Ce1-N5 114.67(11) 
N4-Ce1-N5 53.05(9) N8-Ce1-N5 107.58(10) 
N2-Ce1-C1 26.68(12) N7-Ce1-C1 100.01(12) 
N8-Ce1-C1 109.01(11) N1-Ce1-C1 27.64(12) 
N2-Ce1-C33 118.50(11) N7-Ce1-C33 27.46(12) 
N8-Ce1-C33 26.25(12) N1-Ce1-C33 100.56(12) 
C1-Ce1-C33 108.34(11) N2-Ce1-C17 116.15(10) 
N4-Ce1-C17 26.96(10) N8-Ce1-C17 113.82(10) 
N5-Ce1-C17 26.09(9) C1-Ce1-C17 130.24(10) 
N3-Si1-C12 112.1(3) N3-Si1-C11 110.7(2) 
N3-Si1-C13 110.0(3) C12-Si1-C13 106.9(5) 
C1-N1-C2 121.9(3) C1-N1-Ce1 93.9(2) 
C1-N2-C8 125.0(4) C1-N2-Ce1 97.5(2) 
C1-N3-C14 124.8(5) C1-N3-C14' 110.2(5) 
C1-N3-Si1 123.8(3) C14-N3-Si1 108.7(4) 
C17-N4-C18 120.7(3) C17-N4-Ce1 96.6(2) 
C17-N5-C24 123.3(3) C17-N5-Ce1 96.9(2) 
C17-N6-C30 117.2(3) C17-N6-Si2 124.2(3) 
C33-N7-C34 125.5(3) C33-N7-Ce1 96.6(2) 
C33-N8-C40 123.1(3) C33-N8-Ce1 96.3(2) 
C33-N9-C46" 113(3) C33-N9-C46 122.4(6) 
C33-N9-C46' 116.7(10) C46"-N9-C46' 22.5(18) 
C33-N9-Si3 116.7(3) C46"-N9-Si3 4(3) 
C46'-N9-Si3 24.3(12) C33-N9-Si3' 121.6(3) 
C46-N9-Si3' 11.8(7) C46'-N9-Si3' 118.5(10) 
N2-C1-N1 112.8(3) N2-C1-N3 125.0(4) 
N2-C1-Ce1 55.83(19) N1-C1-Ce1 58.45(19) 
C7-C2-C3 115.0(4) C7-C2-N1 124.0(4) 
F1-C3-C2 119.6(4) F1-C3-C4 117.4(4) 
F2-C4-C5 120.4(4) F2-C4-C3 120.5(4) 
C6-C5-F3 120.6(5) C6-C5-C4 119.9(5) 
F4-C6-C5 119.7(5) F4-C6-C7 120.5(5) 
F5-C7-C2 118.7(4) F5-C7-C6 118.0(4) 
N2-C8-C10 108.1(5) N2-C8-C9 109.1(5) 
N3-C14-C16 105.3(8) N3-C14-C15 114.7(7) 
N3-C14'-C15' 109.9(9) N3-C14'-C16' 119.9(7) 
N5-C17-N4 113.4(3) N5-C17-N6 125.6(3) 
N5-C17-Ce1 56.96(17) N4-C17-Ce1 56.39(17) 
C19-C18-C23 115.2(3) C19-C18-N4 123.3(3) 
F6-C19-C18 118.6(4) F6-C19-C20 117.7(4) 
F7-C20-C21 120.2(4) F7-C20-C19 120.5(4) 
F8-C21-C22 120.9(4) F8-C21-C20 120.0(4) 
F9-C22-C21 119.5(4) F9-C22-C23 119.7(4) 
F10-C23-C22 118.3(4) F10-C23-C18 119.6(3) 
N5-C24-C25 110.1(3) N5-C24-C26 108.0(3) 
N6-Si2-C27 109.41(19) N6-Si2-C29 112.75(19) 
N6-Si2-C28 112.0(2) C27-Si2-C28 108.7(2) 
C32-C30-N6 115.3(4) C32-C30-C31 116.1(4) 
N8-C33-N7 113.0(3) N8-C33-N9 125.4(4) 
N8-C33-Ce1 57.45(19) N7-C33-Ce1 55.98(19) 
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C35-C34-C39 115.2(4) C35-C34-N7 125.7(4) 
F11-C35-C34 119.6(4) F11-C35-C36 118.1(4) 
F12-C36-C37 120.6(5) F12-C36-C35 119.0(5) 
F13-C37-C38 120.2(6) F13-C37-C36 119.9(5) 
F14-C38-C37 120.3(5) F14-C38-C39 120.9(5) 
F15-C39-C34 119.3(5) F15-C39-C38 117.1(5) 
N8-C40-C41 108.9(4) N8-C40-C42 109.7(4) 
N9-Si3-C43 109.6(3) N9-Si3-C44 114.0(3) 
N9-Si3-C45 107.2(4) C43-Si3-C45 106.8(4) 
N9-C46-C48 112.1(9) N9-C46-C47 114.8(12) 
N9-Si3'-C43' 109.1(8) N9-Si3'-C44' 111.7(5) 
N9-Si3'-C45' 109.6(6) C43'-Si3'-C45' 106.9(6) 
N9-C46'-C47' 115.1(19) N9-C46'-C48' 108.9(18) 
N9-C46"-C47" 122(3) N9-C46"-C48" 117(3) 
N7-Ce1-N4 102.86(12) C5-C4-C3 119.1(4) 
N4-Ce1-N8 114.93(11) F3-C5-C4 119.6(5) 
N4-Ce1-N1 149.84(11) C5-C6-C7 119.8(5) 
N7-Ce1-N5 143.56(11) C2-C7-C6 123.3(4) 
N1-Ce1-N5 105.28(10) C10-C8-C9 111.0(7) 
N4-Ce1-C1 135.91(11) C16-C14-C15 107.5(11) 
N5-Ce1-C1 116.27(10) C15'-C14'-C16' 108.6(9) 
N4-Ce1-C33 109.33(11) N4-C17-N6 120.9(3) 
N5-Ce1-C33 126.44(10) N6-C17-Ce1 175.6(3) 
N7-Ce1-C17 125.39(11) C23-C18-N4 121.2(4) 
N1-Ce1-C17 128.69(10) C18-C19-C20 123.6(4) 
C33-Ce1-C17 121.31(10) C21-C20-C19 119.2(4) 
C12-Si1-C11 108.1(4) C22-C21-C20 119.1(4) 
C11-Si1-C13 108.9(4) C21-C22-C23 120.8(4) 
C2-N1-Ce1 128.6(3) C22-C23-C18 122.1(4) 
C8-N2-Ce1 137.0(3) C25-C24-C26 109.7(4) 
C14-N3-C14' 32.4(5) C27-Si2-C29 106.3(2) 
C14'-N3-Si1 124.7(4) C29-Si2-C28 107.5(2) 
C18-N4-Ce1 137.5(2) N6-C30-C31 115.1(4) 
C24-N5-Ce1 133.8(2) N7-C33-N9 121.5(4) 
C30-N6-Si2 118.6(3) N9-C33-Ce1 170.6(3) 
C34-N7-Ce1 136.7(3) C39-C34-N7 118.8(4) 
C40-N8-Ce1 132.9(2) C34-C35-C36 122.2(5) 
C46"-N9-C46 122(3) C37-C36-C35 120.3(5) 
C46-N9-C46' 120.6(11) C38-C37-C36 119.9(5) 
C46-N9-Si3 117.8(6) C37-C38-C39 118.8(5) 
C46"-N9-Si3' 125(3) C34-C39-C38 123.5(5) 
Si3-N9-Si3' 121.4(3) C41-C40-C42 107.3(5) 
N1-C1-N3 122.1(4) C43-Si3-C44 108.9(4) 
N3-C1-Ce1 169.7(3) C44-Si3-C45 110.0(4) 
C3-C2-N1 120.7(4) C48-C46-C47 105.3(10) 
C2-C3-C4 122.9(4) C43'-Si3'-C44' 109.9(6) 
C47'-C46'-C48' 104(2) C44'-Si3'-C45' 109.5(5) 
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3.7 Coordinates of Optimized Geometries Obtained from DFT. 
Table 3.7.1 Optimized coordinates of 3.1-mes. 
Ce 0.104177 -0.26915 0.841678 C 0.134362 2.986874 0.362667 
F 2.678689 -0.56997 0.198147 C -0.86742 3.006636 1.340554 
F 5.337299 -1.02214 -0.02567 C -1.8227 4.003007 1.471761 
F 6.260471 -3.55601 -0.65543 C -1.78844 5.087107 0.599087 
F 4.445525 -5.5746 -0.9848 C -0.80942 5.122692 -0.39345 
F 1.817351 -5.14584 -0.69169 C 0.113976 4.088031 -0.51857 
F -1.49794 -2.71326 1.223952 C 2.350904 2.255763 -0.00833 
F -3.69154 -3.93768 0.193984 C 3.009397 1.855483 -1.17924 
F -3.59108 -5.05771 -2.31828 C 4.34729 2.155544 -1.41792 
F -1.28369 -4.88264 -3.76826 C 5.06841 2.905361 -0.49132 
F 0.874405 -3.6097 -2.78075 C 4.445202 3.326778 0.680552 
F -0.90989 1.953463 2.216779 C 3.112518 2.999463 0.905895 
F -2.74537 3.933434 2.437957 C -3.23019 -0.15328 0.176574 
F -2.68581 6.072166 0.703914 C -3.32775 -0.45358 1.542457 
F -0.78069 6.144811 -1.25444 C -4.47548 -0.87375 2.190082 
F 0.993664 4.152399 -1.53258 C -5.64751 -1.01459 1.452099 
F 2.351004 1.131123 -2.09672 C -5.61036 -0.74754 0.084231 
F 4.939964 1.741664 -2.54347 C -4.43052 -0.34869 -0.53974 
F 6.351906 3.202587 -0.71639 C -1.88163 0.934503 -1.51078 
F 5.135081 4.017336 1.597987 C -2.69731 2.014774 -1.89098 
F 2.555132 3.377375 2.075343 C -2.46732 2.736957 -3.05796 
F -2.17119 -0.36231 2.282782 C -1.37503 2.438173 -3.87131 
F -4.44888 -1.13499 3.504393 C -0.51719 1.401932 -3.50674 
F -6.7821 -1.4094 2.040493 C -0.7931 0.679975 -2.35566 
F -6.7202 -0.90098 -0.64467 C 0.156418 -0.22278 4.237662 
F -4.46106 -0.16504 -1.87065 C 1.373105 0.399827 3.908531 
F -3.72424 2.382779 -1.10487 H 1.495654 1.464339 4.091198 
F -3.27954 3.747648 -3.386 C 2.455738 -0.33153 3.38985 
F -1.14611 3.146234 -4.98172 C 2.278203 -1.70226 3.142263 
F 0.543176 1.104762 -4.261 H 3.108995 -2.28161 2.746821 
F 0.064203 -0.31408 -1.97894 C 1.062384 -2.35015 3.413512 
N 0.81919 -2.44008 -0.13284 C 0.010754 -1.59102 3.952267 
N 1.012185 1.900239 0.27529 H -0.93297 -2.07985 4.180282 
N -1.98687 0.201516 -0.32576 C -0.94136 0.535627 4.947116 
C 2.135168 -2.80798 -0.32609 H -1.9247 0.102832 4.745536 
C 3.121205 -1.82898 -0.14039 H -0.96135 1.588022 4.653591 
C 4.485864 -2.03523 -0.24035 H -0.77686 0.497558 6.031674 
C 4.949521 -3.31224 -0.54711 C 3.796809 0.328165 3.165151 
C 4.017224 -4.33545 -0.72254 H 3.703852 1.416396 3.143608 
C 2.652126 -4.0958 -0.58861 H 4.264006 0.000706 2.231696 
C -0.21624 -3.16836 -0.71474 H 4.484383 0.070259 3.980897 
C -1.42859 -3.28173 -0.02004 C 0.907433 -3.83508 3.186069 
C -2.56646 -3.88868 -0.53019 H -0.1455 -4.12901 3.180055 
C -2.51626 -4.45304 -1.80224 H 1.407113 -4.3983 3.984452 
C -1.33372 -4.36468 -2.53699 H 1.352176 -4.14517 2.235844 
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Table 3.7.2 Optimized coordinates of 3.7-Cl. 
U -0.01856 -0.02757 0.094656 H 1.705678 2.554674 3.330054 
Si -3.16393 1.358683 1.193887 H 3.663825 -0.32172 0.823974 
Si 2.77632 2.034618 1.132797 H 4.275581 0.454463 2.291241 
Si 0.489725 -3.48557 1.011535 H 2.642169 -0.22624 2.279931 
F -1.11067 -1.23378 -1.82148 H -1.08261 2.363001 2.267149 
C 2.463123 3.061003 2.720173 H -1.54391 3.273341 0.804767 
F 1.435294 -0.33458 -1.96997 H -2.47127 3.455941 2.298002 
F -0.53493 1.46608 -1.84644 H -4.06248 2.769293 -0.6735 
N -2.32345 0.106732 0.161952 H -5.03227 2.98245 0.797473 
C 3.379361 0.306329 1.673117 H -5.28089 1.558538 -0.23674 
C -1.92537 2.732232 1.676948 H -4.34797 1.362844 3.407821 
C -4.52712 2.239552 0.167236 H -4.61779 -0.1943 2.595941 
C -3.87507 0.585894 2.794036 H -3.05578 0.141127 3.370203 
C -3.10324 -0.78575 -0.59315 H 4.438226 2.087224 -0.74058 
C -4.47088 -1.10339 -0.39689 H 3.918983 3.745564 -0.39068 
C -5.13549 -2.01696 -1.21507 H 5.076274 2.930927 0.684563 
C -4.48089 -2.66881 -2.26371 H 1.257219 -2.82193 3.295787 
C -3.12435 -2.40026 -2.48064 H 2.491443 -3.851 2.541952 
C -2.51196 -1.49114 -1.6519 H 1.015346 -4.58248 3.206392 
N 1.256159 1.884176 0.126441 H -1.96921 -3.24539 0.447578 
C 4.182387 2.786822 0.064588 H -1.70535 -4.15422 1.941993 
C 0.815108 3.000299 -0.60944 H -1.60007 -2.39052 1.966877 
C -0.10648 2.823164 -1.65362 H 0.02971 -4.94051 -0.98106 
C -0.64479 3.802683 -2.45351 H 0.342607 -5.92929 0.460394 
C -0.24286 5.123483 -2.22645 H 1.695138 -5.20818 -0.43905 
C 0.66716 5.381199 -1.19758 H -1.35274 3.538837 -3.22827 
C 1.182095 4.354716 -0.406 H -0.63924 5.925933 -2.83415 
N 1.08977 -2.02389 0.096652 H 0.977118 6.400914 -1.00016 
C 1.413178 -3.7098 2.673107 H 1.865167 4.600217 0.394126 
C -1.37591 -3.27773 1.367504 H 3.689437 -0.47456 -3.3117 
C 0.669733 -5.04212 -0.09622 H 5.585084 -2.05582 -2.80405 
C 2.2952 -2.10744 -0.62434 H 5.349416 -3.63417 -0.89327 
C 2.508269 -1.24696 -1.71267 H 3.319799 -3.65219 0.482256 
C 3.635715 -1.18572 -2.49774 H -5.00715 -0.63993 0.418811 
C 4.681965 -2.06864 -2.20838 H -6.18122 -2.22835 -1.02341 
C 4.54088 -2.95438 -1.13599 H -5.00352 -3.37689 -2.89292 
C 3.383431 -2.97438 -0.35769 H -2.55867 -2.88226 -3.26723 
H 2.113197 4.078607 2.518792 Cl -0.06311 -0.14962 2.779492 
H 3.388179 3.125286 3.30716     
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Ephritikhine, M., Inorg. Chem. 2008, 48, 221. 
 (64) Arndt, S.; Spaniol, T. P.; Okuda, J., Chem. Commun. 2002, 896. 
 (65) K. Gun'ko, Y.; B. Hitchcock, P.; Lappert, M. F., Chem. Commun. 1998, 1843. 
 (66) Hitchcock, P. B.; Khvostov, A. V.; Lappert, M. F.; Protchenko, A. V., J. 
Organomet. Chem. 2002, 647, 198. 
 (67) Nieland, A.; Mix, A.; Neumann, B.; Stammler, H.-G.; Mitzel, N. W., Dalton Trans. 
2010, 39, 6753. 
 (68) Beard, C. D.; Carr, L.; Davis, M. F.; Evans, J.; Levason, W.; Norman, L. D.; Reid, 
G.; Webster, M., Eur. J. Inorg. Chem. 2006, 45, 4399. 
 (69) Kynast, U.; Bott, S. G.; Atwood, J. L., J. Coord. Chem. 1988, 17, 53. 
 (70) Bott, S. G.; Prinz, H.; Alvanipour, A.; Atwood, J. L., J. Coord. Chem. 1987, 16, 
303. 
 (71) Cameron, T. S.; Decken, A.; Ilyin, Evgeny G.; Nikiforov, Grigori B.; Passmore, J., 
Eur. J. Inorg. Chem. 2004, 3865. 
 
 
Chapter 3 – Applications of C−F→Ln/An Interactions in Coordination Chemistry | 169 
 
 
 (72) A. Kloo, L.; J. Taylor, M., J. Chem. Soc., Dalton Trans. 1997, 2693. 
 (73) Levason, W.; Popham, M. C.; Reid, G.; Webster, M., Dalton Trans. 2003, 291. 
 (74) Hartwig, J. F., Organotransition Metal Chemistry - from Bonding to Catalysis. 
University Science Books, Sausalito, CA: 2009. 
 (75) Bart, S.; Meyer, K., Highlights in Uranium Coordination Chemistry. Springer: 
2008. 
 (76) Fortier, S.; Wu, G.; Hayton, T. W., Dalton Trans. 2010, 39, 352. 
 (77) Fortier, S.; Brown, J. L.; Kaltsoyannis, N.; Wu, G.; Hayton, T. W., Inorg. Chem. 
2012, 51, 1625. 
 (78) Brown, J. L.; Wu, G.; Hayton, T. W., Organometallics 2012, 32, 1193. 
 (79) Brown, J. L.; Fortier, S.; Lewis, R. A.; Wu, G.; Hayton, T. W., J. Am. Chem. Soc. 
2012, 134, 15468. 
 (80) Smiles, D. E.; Wu, G.; Hayton, T. W., J. Am. Chem. Soc. 2013, 136, 96. 
 (81) Brown, J. L.; Fortier, S.; Wu, G.; Kaltsoyannis, N.; Hayton, T. W., J. Am. Chem. 
Soc. 2013, 135, 5352. 
 (82) Smiles, D. E.; Wu, G.; Hayton, T. W., J. Am. Chem. Soc. 2014, 136, 96. 
 (83) Smiles, D. E.; Wu, G.; Hayton, T. W., Inorg. Chem. 2014, 53, 10240. 
 (84) Smiles, D. E.; Wu, G.; Hayton, T. W., Inorg. Chem. 2014, 53, 12683. 
 (85) Smiles, D. E.; Wu, G.; Hayton, T. W., New J. Chem. 2015, 39, 7563. 
 (86) Lewis, A. J.; Carroll, P. J.; Schelter, E. J., J. Am. Chem. Soc. 2012, 135, 511. 
 (87) Lewis, A. J.; Nakamaru-Ogiso, E.; Kikkawa, J. M.; Carroll, P. J.; Schelter, E. J., 
Chem. Commun. 2012, 48, 4977. 
 (88) Lewis, A. J.; Carroll, P. J.; Schelter, E. J., J. Am. Chem. Soc. 2013, 135, 13185. 
 (89) Lewis, A. J.; Mullane, K. C.; Nakamaru-Ogiso, E.; Carroll, P. J.; Schelter, E. J., 
Inorg. Chem. 2014, 53, 6944. 
 (90) Mullane, K. C.; Lewis, A. J.; Yin, H.; Carroll, P. J.; Schelter, E. J., Inorg. Chem. 
2014, 53, 9129. 
 (91) Andersen, R. A.; Zalkin, A.; Templeton, D. H., Inorg. Chem. 1981, 20, 622. 
 (92) Zalkin, A.; Brennan, J. G.; Andersen, R. A., Acta Crystallogr., Sect. C: Cryst. 
Struct. Commun. 1988, 44, 1553. 
 (93) Burns, C. J.; Smith, W. H.; Huffman, J. C.; Sattelberger, A. P., J. Am. Chem. Soc. 
1990, 112, 3237. 
 (94) Berg, J. M.; Clark, D. L.; Huffman, J. C.; Morris, D. E.; Sattelberger, A. P.; Streib, 
W. E.; Van der Sluys, W. G.; Watkin, J. G., J. Am. Chem. Soc. 1992, 114, 10811. 
 (95) Roger, M.; Barros, N.; Arliguie, T.; Thuéry, P.; Maron, L.; Ephritikhine, M., J. Am. 
Chem. Soc. 2006, 128, 8790. 
 (96) Arnold, P. L.; Turner, Z. R.; Bellabarba, R. M.; Tooze, R. P., Chem. Sci. 2011, 2, 
77. 
 (97) Odom, A. L.; Arnold, P. L.; Cummins, C. C., J. Am. Chem. Soc. 1998, 120, 5836. 
 (98) Johnson, A. R.; Wanandi, P. W.; Cummins, C. C.; Davis, W. M., Organometallics 
1994, 13, 2907. 
 (99) Fox, A. R.; Creutz, S. E.; Cummins, C. C., Dalton Trans. 2010, 39, 6632. 
 (100) Fox, A. R.; Arnold, P. L.; Cummins, C. C., J. Am. Chem. Soc. 2010, 132, 3250. 
 (101) Yin, H.; Lewis, A. J.; Carroll, P.; Schelter, E. J., Inorg. Chem. 2013, 52, 8234. 
 (102) Lewis, A. J.; Yin, H.; Carroll, P. J.; Schelter, E. J., Dalton Trans. 2014, 43, 10844. 
 (103) Yin, H.; Robinson, J. R.; Carroll, P. J.; Walsh, P. J.; Schelter, E. J., Chem. 
Commun. 2014, 50, 3470. 
 (104) Robinson, J. R.; Fan, X.; Yadav, J.; Carroll, P. J.; Wooten, A. J.; Pericàs, M. A.; 
Schelter, E. J.; Walsh, P. J., J. Am. Chem. Soc. 2014, 136, 8034. 
 (105) Plenio, H., Chem. Rev. 1997, 97, 3363. 
 
 
Chapter 3 – Applications of C−F→Ln/An Interactions in Coordination Chemistry | 170 
 
 
 (106) Plenio, H., ChemBioChem 2004, 5, 650. 
 (107) Kiplinger, J. L.; Richmond, T. G.; Osterberg, C. E., Chem. Rev, 1994, 94, 373. 
 (108) Klahn, M.; Rosenthal, U., Organometallics 2012, 31, 1235. 
 (109) Richmond, T. G., Angew. Chem., Int. Ed. 2000, 39, 3241. 
 (110) Williams, U. J.; Carroll, P. J.; Schelter, E. J., Inorg. Chem. 2014, 53, 6338. 
 (111) Graves, C. R.; Scott, B. L.; Morris, D. E.; Kiplinger, J. L., Organometallics 2008, 
27, 3335. 
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Chapter 4. Photochemistry of Luminescent 
Ce(III) Guanidinate-amide/aryloxide Complexes 
4.1 Introduction. Lanthanide cations exhibit high affinities for nucleophiles, such as ketones, 
aldehydes, amines and organohalogens and have been used extensively as Lewis acid 
catalysts.1,2 For example, lanthanide alkali metal heterobimetalic 1,1'-bi-2-naphtholates are 
known to be effective asymmetric catalysts in a wide range of enantioselective reactions.3-8 
However, lanthanide cations are under used in catalyzing reactions that require metal-centered 
redox process. This is due to the lack of readily accessible +2 and +4 oxidation states in 
molecular lanthanide chemistry.9,10 For this chapter, we sought to exploit the +4 oxidation state of 
the element cerium by exciting Ce3+ cations into their 2D excited states. We prepared a series of 
luminescent CeIII complexes, established their photophysical properties and photochemical 
reactivity. We also explored the application of these CeIII complexes as photoredox catalysts in 
C−C bond forming reactions.  
4.2 Cerium(III) Luminescence in Molecular Chemistry. Cerium(III) complexes, with their 
single 4f electron, have simple, well-defined electronic structures featuring 2F5/2 ground states.2 
The reported luminescence of Ce3+ cations originates from 5d→4f transitions,2,11 distinctly 
different from other Ln3+ cations where 4f→4f transitions underlie optical properties. The 
interconfigurational 4f→5d transition for Ce3+ cations is electron dipole allowed based on ΔS = 0  
and |J − Jʹ| ≤ 3 ≤ |J + J′| selection rules, where J and J′ are the total angular momentum quantum 
numbers of the fn ground state and fn-1d1 excited states, respectively.12  
Portions of this chapter have been adapted from previous publications. The majority of section 
4.2 to 4.5 are adapted from "Structure-Function Relationships for Cerium Photosensitizers and 
Their Applications in Photocatalytic Aryl Couplings" Yin, H.; Carroll, P. J.; Anna, J. M.; Schelter, 
E. J. J. Am. Chem. Soc. 2016, doi: 10.1021/jacs.6b02248. Copyright 2016 American Chemical 
Society. Portions of section 4.2, 4.3.1, 4.3.2 and 4.5.2, 4.5.3 are adapted from "Luminescent 
Ce(III) Complexes as Stoichiometric and Catalytic Photoreductants for Halogen Atom Abstraction 
Reactions" Yin, H.; Carroll, P. J.; Anna, J. M.; Schelter, E. J. J. Am. Chem. Soc. 2015, 137, 
9234−9237. Copyright 2015 American Chemical Society. 
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Solid materials doped with Ce3+ were important in the development of white light LEDs 
due to their broad emission bands originating from the 2D excited states of Ce3+ cations.13 For 
example, the yellow emitter YAG:Ce absorbs blue light and exhibits a broad emission band 
spanning from 450 nm to 700 nm.14 Thus, the combination of emitted light from YAG:Ce 
phosphor and transmitted blue light from blue LEDs produces white light. Although Ce3+ cations 
exhibit intrinsic 4f→5d absorptive transitions,15 luminescence has not typically been observed 
from molecular CeIII compounds likely due to rapid quenching of their excited states by non-
radiative relaxation pathways.11 In fact, only a small number of luminescent molecular CeIII 
complexes have been reported (Figure 4.2.1).15-21 Among these, a large variation was observed 
in the luminescence properties; a photoluminescence quantum yield of 0.7 was reported for 
[K(THF)2][(C5Me5)2CeI2] compared to 0.01 for [(C5Me5)2CeI(NCMe)2].18 In another case, the 
[CeIII(triRNTB)2](CF3SO3)3 complex (triRNTB = tris(N-propylbenzimidazol-2-ylmethyl)amine) was 
found to be bright blue emitting with a quantum yield of 0.55 in ethanol.17 In order to rationally 
design CeIII photosensitizers for varied purposes, a working model of the photophysical properties 
of CeIII luminescence is required.22  
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4.3 Mixed Ligand Series of Cerium(III) Guanidinate-amide/aryloxide Complexes. 
4.3.1 Synthesis and Characterizations 
We noted that a common CeIII protonolysis reagent, Ce[N(SiMe3)2]3 (4.1-N), emitted 
yellow light weakly under UV irradiation (365 nm). Treatment of Ce[N(SiMe3)2]3 with excess 
carbodiimides, R−N=C=N−R (R = iPr, Cy), afforded isolation of their monoinsertion products, 
[(Me3Si)2NC(NiPr)2]Ce[N(SiMe3)2]2 (4.2-N) and [(Me3Si)2NC(NCy)2]Ce[N(SiMe3)2]2. Both 4.2-N 
and 4.2-N' were found to be bright green emitters. X-ray studies confirmed the yellow compounds 
4.2-N and 4.2-N' as the monoguanidinate complexes (Figure 4.3.3 and Figure 4.3.4).  
 In order to extend the scope of luminescent CeIII complexes, the corresponding aryloxide 
complexes were synthesized. Stirring an n-pentane solution of 4.2-N (or 4.2-N') with 2 equiv 
HOAr (Ar = 2,6-di-tert-butylphenol) resulted in the precipitation of yellow solids of 
[(Me3Si)2NC(NiPr)2]Ce(OAr)2 (4.2-OAr) and [(Me3Si)2NC(NCy)2]Ce(OAr)2 (4.2-OAr'). An X-ray 
crystallography study on yellow crystals of 4.2-OAr obtained from cold n-pentane solution 
confirmed that both −N(SiMe3)2 ligands were substituted by aryloxide ligands (Figure 4.3.5). The 
substitution of amide ligand in high yield was likely due to the kinetic stability of the bidentate 
guanidinate ligands toward protonolysis reactions. Similarly, protonolysis reaction of 
Ce[N(SiMe3)2]3 with 3 equiv HOAr resulted in a yellow compound, Ce(OAr)3 (4.1-OAr) according 
to a previous report.23,24 In our hands, the spectroscopic characterization of 4.1-OAr suffered 
from minor luminescent impurities that were detected through performing fluorescence lifetime 
measurements on the complex obtained using the reported syntheses. In order to obtain 
spectroscopically pure samples of 4.1-OAr, an n-pentane solution of HOAr was layered upon an 
n-pentane solution of Ce[N(SiMe3)2]3. After 5 h, precipitation of a small amount of brown solid was 
observed, likely CeIII-containing cluster compounds, which were removed from the mixture by 
filtration. Recrystallization of the resulting solution thus afforded spectroscopically pure samples 
of 4.1-OAr.  
 
 





Figure 4.3.1 Synthesis of luminescent CeIII complexes through insertion, protonolysis and salt-
metathesis reactions. 
 
 With the mono-guanidinate bis-amide/aryloxide CeIII complexes in hand, we set out to 
prepare bis- and tris-guanidinate derivatives. However, treatment of 4.2-N with excess N,N'-
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diisopropylcarbodiimide did not lead to further insertion reactivity up to 80 °C in benzene.25 In 
order to understand the energy requirements for the insertion reactions, density functional theory 
(DFT) calculations were carried out for complex 4.1-N, 4.2-N and the expected insertion products, 
[(Me3Si)2NC(NiPr)2]2Ce[N(SiMe3)2] (4.3-N) and [(Me3Si)2NC(NiPr)2]3Ce (4.4) in the gas phase at 
the B3LYP level of theory. The computed free energies of these reactions were consistent with 
the experimental observations; ΔG1 at 298.15 K for the first carbodiimide insertion into 
Ce[N(SiMe3)2]3 was found to be thermoneutral (0.79 kcal/mol) while the second and third 
insertions were less favorable on thermodynamic grounds (ΔG2 = 3.87 kcal/mol, ΔG3 = 8.46 
kcal/mol) (Figure 4.3.2). 
 
Figure 4.3.2 Thermodynamic parameters of carbodiimide insertion reactions predicted by ground 
state DFT calculations (gas phase, 298.15 K). 
 
 In order to access bis- and tris- guanidinate derivatives, salt metathesis routes were 
explored. The sodium salt of guanidinate ligand, [(Me3Si)2NC(NiPr)2]Na(thf) was prepared by 
NaN(SiMe3)2 and N,N'-diisopropylcarbodiimide in THF. Salt metathesis reaction of CeI3 with 2 
equiv [(Me3Si)2NC(NiPr)2]Na(thf) in THF followed by recrystallization from hexanes afforded pale 
yellow crystalline solids of {[(Me3Si)2NC(NiPr)2]2CeIII}2(μ2‒I)2 (4.3-I). An X-ray crystallography 
study revealed its dimeric structure, featuring a [Ce2I2]4+ diamond core (Figure 4.3.6). Complex 
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4.3-I was slightly soluble in non-coordinating solvents, including n-pentane, toluene and benzene. 
Four broad resonances were observed in the 1H NMR spectrum obtained at 300 K for 4.3-I in 
toluene-d8 or C6D6. Heating the toluene-d8 solution of 4.3-I resulted in coalescence of the 1H NMR 
resonances at ~325 K. The 1H NMR spectrum, fully resolved at 380 K, displayed three 
resonances at 14.20, 3.68 and −3.26 ppm with 2:18:12 integral ratio, assignable to –CH(iPr), –
CH3(iPr) and –CH3(SiMe3) groups from the guanidinate ligands. Salt metathesis of 4.3-I with 
NaN(SiMe3)2 or Na(OAr)(thf)2 followed by recrystallization from hydrocarbon solvents yielded 
yellow solids of corresponding amide and aryloxide derivatives, 
[(Me3Si)2NC(NiPr)2]2Ce[N(SiMe3)2] (4.3-N) and [(Me3Si)2NC(NiPr)2]2Ce(OAr) (4.3-OAr), 
respectively. Single crystal diffraction studies confirmed 4.3-N and 4.3-OAr to be monomeric bis-
guanidinate complexes (Figure 4.3.7 and Figure 4.3.8). 
 Conversely, treatment of CeI3 with 3 equiv [(Me3Si)2NC(NiPr)2]Na(thf) in toluene followed 
by recrystallization from n-pentane resulted in pale yellow solids of [(Me3Si)2NC(NiPr)2]3Ce (4.4). 
The identity of 4.4 was confirmed by an X-ray crystallography study (Figure 4.3.9), constituting 
the first homoleptic CeIII tris(guanidinate) complex. 1H NMR spectrum of 4.4 in C6D6 at 300 K 
revealed three resonances at 10.02, 2.81 and −4.15 ppm, consistent with a C3v symmetric 
solution geometry. The complex 4.4 was robust toward ligand redistribution reactions; heating a 
1:1 mixture of 4.1-N and 4.4 in C6D6 at 80 °C for 30 h only resulted in formation of negligible 
amounts of 4.2-N and 4.3-N by 1H NMR spectroscopy.  
The preparation of the yellow CeIII compounds described above completed two mixed-
ligand series with the general formulae [(Me3Si)2NC(NiPr)2]xCeIII[N(SiMe3)2]3-x (x = 0, 4.1-N; x = 1, 
4.2-N, x = 2, 4.3-N; x = 3, 4.4) and [(Me3Si)2NC(NiPr)2]xCeIII(OAr)3-x (x = 0, 4.1-OAr; x = 1, 4.2-
OAr, x = 2, 4.3-OAr; x = 3, 4.4). All of these compounds were found to be luminescent, thus 
allowing a systematic comparison by stepwise structural variations to study the photophysical 
properties of luminescent CeIII complexes. 
 
 




Figure 4.3.3 Thermal ellipsoid plot of 4.2-N at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)−N(1) 2.4679(19), Ce(1)−N(2) 2.4578(19), Ce(1)−N(4) 2.357(2), 
Ce(1)−N(5) 2.3577(19), Ce(1)−C(1) 2.9167(16), C(1)−N(1) 1.337(3), C(1)−N(2) 1.331(3), 




Figure 4.3.4 Thermal ellipsoid plot of 4.2-N' at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)−N(1) 2.3569(9), Ce(1)−N(2) 2.3586(9), Ce(1)−N(3) 2.4472(9), 
Ce(1)−N(4) 2.4651(9); N(1)−Ce(1)−N(2) 121.53(3), N(3)−Ce(1)−N(4) 54.57(3). 
 
 




Figure 4.3.5 Thermal ellipsoid plot of 4.2-OAr at the 30% probability level. Selected bond length 
(Å) and angles (deg): Ce(1)–N(1) 2.447(6), Ce(1)−N(2) 2.432(6), Ce(1)−O(1) 2.169(5), 
Ce(1)−O(2) 2.171(5); N(1)−Ce(1)−N(2) 55.08(19), O(1)−Ce(1)−O(2) 108.14(19). 
 
 
Figure 4.3.6 Thermal ellipsoid plot of 4.3-I at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)‒N(1) 2.505(2), Ce(1)‒N(2) 2.416(2), Ce(1)‒N(4) 2.479(2), Ce(1)‒N(5) 
2.418(2), Ce(1)‒I(1) 3.2643(4), Ce(1)‒I(1') 3.2875(3); N(1)‒Ce(1)‒N(2) 54.04(7), 
N(4)‒Ce(1)‒N(5) 54.50(7), I(1)‒Ce(1)‒I(1') 79.124(8). 
 
 




Figure 4.3.7 Thermal ellipsoid plot of 4.3-N at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)‒N(1) 2.3571(10), Ce(1)‒N(2) 2.4746(10), Ce(1)‒N(3) 2.5003(11), 




Figure 4.3.8 Thermal ellipsoid plot of 4.3-OAr at the 30% probability level. Selected bond length 
(Å) and angles (deg): Ce(1)–N(1) 2.4695(10), Ce(1)−N(2) 2.5249(10), Ce(1)−N(4) 2.5011(11), 








Figure 4.3.9 Thermal ellipsoid plot of 4.4 at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)‒N(1) 2.557(4), Ce(2)‒N(2) 2.533(4), Ce(1)‒N(4) 2.526(3), Ce(1)‒N(5) 
2.523(4), Ce(1)‒N(7) 2.523(3), Ce(1)‒N(8) 2.494(4); N(1)‒Ce(1)‒N(2) 52.82(12), 
N(4)‒Ce(1)‒N(5) 53.20(11), N(7)‒Ce(1)‒N(8) 53.29(12). 
 
4.3.2 Electronic Structures of Luminescent Ce(III) Complexes. We noted that both series of 
CeIII complexes presented in the current work were exclusively yellow despite the difference in 
their ligand coordination spheres. Indeed, the electronic absorption spectra collected for 4.1-N, 
4.2-N, 4.3-N, 4.4 and 4.3-OAr, 4.2-OAr and 4.1-OAr in toluene displayed remarkable similarity; 
absorption features at ca. 420 nm and ca. 360 nm were observed for all complexes with 
absorptivities of ε ~ 102 M-1 cm-1. These molar extinction coefficients are consistent with reported f
→d transitions.26,27 Absorption and emission spectra for the representative guanidinate-amide 
mixed-ligand series are shown in Figure 4.3.10, featuring the yellow emitting complex 4.1-N, lime-








Figure 4.3.10 Absorption (solid line) and emission spectra (dashed line) of 4.1-N (red), 4.2-N 
(green), 4.3-N (pink) and 4.4 (blue). Inset: images of toluene solution of 4.1-N, 4.2-N, 4.3-N, 4.4 in 
1 cm path length quartz cuvettes (1.0 mM) under 365 nm UV irradiation. 
 
In an effort to identify the frontier orbitals involved in the electronic transitions of 4.1-N, 
4.2-N, 4.3-N and 4.4, time-dependent density functional theory (TD-DFT) calculations were 
performed for these complexes. The predicted vertical excitations and intensities were in 
reasonably good agreement with the experimental data, indicating two metal based 4f→5d 
transitions (Figure 4.3.11 and Figure 4.3.12). Subsequent to the TD-DFT calculations, natural 
transition orbital (NTO)28,29 computations were performed to visualize compact orbital 
representations for the vertical excitations of interest. For all the complexes, the donor and 
acceptor orbitals for the transition at ca. 420 nm were identified to be 4f orbitals and 5dz2 orbitals, 
respectively. This result was readily rationalized by inspection of the complex molecular 
structures. In the complexes with approximately C3v geometry (4.1-N and 4.4), or those with 
approximately C2v geometry (4.2-N and 4.3-N), the 5dz2 orbitals are essentially non-bonding in 
character. While the ligand field has an only small impact on the optical energies of 4f-orbitals,30 
the energy of metal centered 4f→5d transitions is dependent on the relative energies of the 
acceptor 5d-orbitals.31 Therefore, the non-bonding nature of the 5dz2 orbitals is understood to be 
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responsible for the similar lowest energy absorption features in visible range (400−800 nm) of 
these luminescent CeIII complexes, as well as their yellow colors. 
On the other hand, the identities of acceptor orbitals for the second lowest energy 
absorptive 4f→5d transitions are dictated by the ligand field splitting of the 5d manifold. For 4.1-N 
and 4.4 with C3v solution symmetry, two-fold degenerate sets of 5d-orbitals were assigned as the 
corresponding acceptor orbitals using NTO calculations. In comparison, the degeneracy of the 
5d-manifold was broken for complexes 4.2-N and 4.3-N in approximate C2v solution symmetry; 
only one of the 5dxz or 5dyz orbitals was identified as the acceptor. Additionally, ligand-to-metal 
charge transfer (LMCT) absorption tails located below 350 nm for 4.2-N, 4.3-N and 4.4 were 




Figure 4.3.11 Experimental (black solid line) and TD-DFT predicted (red dashed line) absorption 
spectra of 4.1-N (left) and 4.2-N (right). The predicted spectra are rendered with FWHM 3000 cm-
1. Oscillator strengths associated with the electronic transitions are shown as red vertical lines. 
Stick representations of the crystal structures of 4.1-N and 4.2-N are shown to the left of the 
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Figure 4.3.12 Experimental (black solid line) and TD-DFT predicted (red dashed line) absorption 
spectra of 4.3-N (left) and 4.4 (right). The predicted spectra are rendered with FWHM 3000 cm-1. 
Oscillator strengths associated with the electronic transitions are shown as red vertical lines. Stick 
representations of the crystal structures of 4.3-N and 4.4 are shown to the left of the spectra. 
Natural transition orbitals (NTOs) are shown for the donor/acceptor orbitals of each transition. 
 
The TD-DFT assignment of the absorptive transitions was supported by experimental 
evidence. The lanthanum analogue of 1-N, La[N(SiMe3)2]3 (4f0) showed no absorption feature 
between 320−500 nm, further supporting both absorption bands observed for 1-N are 4f→5d 
transitions.  In order to further support our assignments of absorptive transitions at ca. 420 nm, 
the Cl− anion addition product of 4.1-N, [NEt4]{CeCl[N(SiMe3)2]3} (4.5) was prepared (Figure 
4.3.13). X-ray molecular structure of complex 4.5 demonstrated a trigonal pyramidal geometry 
with the sum of N−Ce−N angles at 347.29°, suggesting a very small perturbation of added Cl− 
anion to the coordination geometry of CeN3 core (Figure 4.3.14). The electronic absorption 
spectra of 4.5 collected in toluene showed only one absorptive transition at 366 nm. The absence 
of the other transition at ca. 420 nm in 4.5 (Figure 4.3.15) was readily rationalized based on our 
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assignment of CeIII 5dz2 orbital as the acceptor orbital for the transition at ca. 420 nm. Upon 
coordination of Cl− anion, the metal-centered non-bonding 5dz2 orbital in 4.1-N became primarily 
anti-bonding in 4.5. The vertical transition from the 4f orbitals to the Ce(5dz2)−Cl anti-bonding 
orbital in 4.5 was higher in energy than the transition to CeIII 5dz2 non-bonding orbital in 4.1-N and 
thus not observed at ca. 420 nm.  
 
Figure 4.3.13 Synthesis of 4.5 and 4.6. 
 
In addition to 4.5 with CeClN3 core in a trigonal pyramidal coordination geometry, a four-
coordinate CeIII complex in a tetrahedral coordination geometry was also prepared (Figure 
4.3.13). The electronic absorption spectra of 4.6 collected in THF showed one clear absorptive 
transition at 361 nm. A second band was observed at 323 nm (Figure 4.3.17). These two 
transitions were assigned by TD-DFT and NTO calculations as metal-centered transitions from a 
CeIII 4f-orbital to the 5dz2 and 5dx2−y2 orbitals. An X-ray structure of 4.6 revealed a tetrahedral CeN4 
core for the {Ce[N(SiMe3)2]4}− anion with a τ4 value32 computed to be 0.915. The lack of 
degeneracy between CeIII 5dz2 and 5dx2−y2 orbitals for 4.6 was attributed to the small deviation of 
the CeN4 core in 4.6 from an ideal tetrahedral geometry (τ4 = 1).  
 
 




Figure 4.3.14 Thermal ellipsoid plot of 4.5 at the 30% probability level. The cation is omitted for 
clarity. Selected bond length (Å) and angles (deg): Ce(1)‒N(1) 2.382(3), Ce(1)‒N(2) 2.383(3), 
Ce(1)‒N(3) 2.374(3), Ce(1)‒Cl(1) 2.7611(9); N(1)‒Ce(1)‒N(2) 120.03(10), N(1)‒Ce(1)‒N(3) 
112.05(11), N(2)‒Ce(1)‒N(3) 115.21(10), Cl(1)‒Ce(1)‒N(1) 97.61(8), Cl(1)‒Ce(1)‒N(2) 
101.18(8), Cl(1)‒Ce(1)‒N(3) 107.54(8). 
 
 
Figure 4.3.15 Comparison of absorption (solid lines) and emission (dashed lines) spectra for 
Ce[N(SiMe3)2]3 (4.1-N, red) and [NEt4]{CeCl[N(SiMe3)2]3} (4.5, black) collected in toluene. A 
picture of a 0.5 M toluene solution of 4.5 in 1 cm path length quartz cuvette under 365 nm 








Figure 4.3.16 Thermal ellipsoid plot of 4.6 at the 30% probability level. The cation is omitted for 
clarity. Selected bond length (Å) and angles (deg): Ce(1)−N(1) 2.457(4), Ce(1)−N(2) 2.428(4), 
Ce(1)−N(3) 2.434(3), Ce(1)−N(4) 2.450(3); N(1)−Ce(1)−N(2) 115.49(13), N(1)−Ce(1)−N(3) 
101.64(12), N(1)−Ce(1)−N(4) 115.54(12), N(2)−Ce(1)−N(3) 112.16(12), N(2)−Ce(1)−N(4) 
99.80(13), N(3)−Ce(1)−N(4) 112.78(13). 
 
Figure 4.3.17 Absorption (solid lines) and emission (dashed lines) spectra for of 4.6 collected in 
THF. A picture of a 1.0 M THF solution of 4.6 in 1 cm path length quartz cuvette under 365 nm 
irradiation was shown in inset. The natural transition orbitals (NTOs) for the donor/acceptor 
orbitals of computed transitions at 354 nm and 333 nm were shown in the inset. 
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 Despite the similar absorption energies for 4.1-N, 4.2-N, 4.3-N and 4.4, the wavelengths 
of their emission maxima spanned a large range from 553 nm (4.1-N) to 459 nm (4.4). This 
observation was best described with the observed Stokes shifts calculated from the difference in 
wavelength between the positions of emission maxima and the lowest energy absorption maxima. 
Among the guanidinate-amide mixed-ligand series, complex 4.1-N featured the largest Stokes 
shift of 138 nm while complex 4.4 demonstrated a much smaller Stokes shift of 35 nm. 
Interestingly, the observed Stokes shifts were found to decrease with increasing numbers of 
guanidinate ligands across the series (Figure 4.3.18, solid line). The existence of such a trend 
was confirmed by the guandinate-aryloxide mixed-ligand series (Figure 4.3.18, dashed line). The 
largest Stokes shift in the guanidinate-aryloxide mixed-ligands series was found to be 112 nm for 
4.1-OAr, smaller than 138 nm observed for 4.1-N.  
 
Figure 4.3.18 Observed Stokes shift of guanidinate-amide mixed-ligand series (solid line, 
including 4.1-N, 4.2-N, 4.3-N and 4.4) and guanidinate-aryloxide mixed-ligand series (dashed 
line, including 4.1-OAr, 4.2-OAr, 4.3-OAr, 4.4). 
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 In an effort to understand the observed Stokes shifts, we attempted to assign the ground 
and excited states giving rise to the emissive transitions. We determined that the lifetime for 4.4 
was invariant when measured at different emission wavelengths. This result suggested that only 
one long-lived excited state was involved in the emission process. Excitation spectra collected in 
toluene for both series of complexes showed intense bands, overlapping with their lowest energy 
absorption bands at ca. 420 nm. This observation allowed us to conclude that lowest lying 5dz2 
orbital-based excited state corresponded to the long-lived excited state for these complexes. All 
emission spectra were deconvoluted into pairs of overlapping Gaussian bands (on an energy 
scale) separated by 1200 to 1700 cm-1 (Figure 4.3.19). The energy difference between the two 
Gaussian functions was consistent with the spin-orbit splitting the 2F ground manifold into the 
2F5/2 ground state and 2F7/2 excited state for the Ce3+ cation. The full-width-at-half-maxima 
(FWHMs) were found to be ~103 cm-1 for each transition, giving rise to an overall broad emission 
band. The broadness of emission bands for these complexes was comparable to that of reported 
Ce3+ emitters (Table 4.3.1).  
Table 4.3.1 FWHMs (cm-1) of absorption and emission bands for 1-N, 2-N, 3-N, 4, 3-OAr, 2-OAr, 





ca. 420 nma 
Emission  band 
→2F5/2 →2F7/2 envelopeb 
1-N 1320 3070 2078 3303 
2-N 1211 2204 2562 3136 
3-N 1096 1984 3332 3146 
4-N 778 1426 2854 2299 
3-OAr 1045 1794 3306 2950 
2-OAr 1317 1706 3110 2982 
1-OAr 1886 1706 3220 3042 
YAG :Ce14 − − − ~3800c 
LuPO4 :Ce33 − − − ~3100c 
(C5Me5)2CeCl2Li(Et2O)216 − − − ~3500c 
Ce(triPrNTB)2(OTf)317 − − − ~4400c 
Ce[OC(CF3)3]3(dme)234 − − − ~4400c 
a. A Gaussian band was fitted to the low energy edge of the absorption band at ca. 420 nm 
to extract FWHM values. 
b. The FWHM for the envelope of both →2F5/2 and →2F7/2 transitions. 
 
 
Chapter 4 – Photochemistry of Luminescent Ce(III) Guanidinate-amide/aryloxide Complexes| 193 
 
 
c. The FWHM values are estimated from the emission spectra provided in the references.  
 The Stokes shifts represent the degree of energy loss between excited state following the 
absorptive vertical transition and long-lived excited state. Since complexes 4.1-N, 4.2-N, 4.3-N 
and 4.4 demonstrated a common long-lived 2D excited state with singly occupied non-bonding 
5dz2 orbital and 4f-orbital based ground states, very little geometric changes were expected for 
the excited-state structures compared to the ground-state ones. This was consistent with the 
findings for reported complexes [(C5H4SiMe3)3LnII]− (Ln = La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er)35-37 
with 5dz2 orbital-based ground states and [(C5H4SiMe3)3UII]−38 and {[C5H3(SiMe3)2]3ThII}−39 with 
6dz2 orbital-based ground states; the bond lengths and geometries of these divalent species were 
essentially identical compared to their LnIII, UIII and ThIII counterparts, resulting from the, 
essentially non-bonding character of 5dz2 and 6dz2 orbitals.  
 
Figure 4.3.19 Deconvolution of emission spectra for the guanidinate-amide mixed-ligand series, 
including 4.1-N, 4.2-N, 4.3-N and 4.4. Two Gaussian bands (red solid lines) were applied for each 
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fitting, featuring transitions to 2F5/2 and 2F7/2. Sum of the fit (blue solid lines) is in good agreement 
with experimental spectra (black dashed lines). 
 The difference in Stokes shifts for the guanidinate-amide and guanidinate-aryloxide 
series reflected the difference in the energies of the long-lived 2D excited states. Such decreases 
of the excited-state energies are likely facilitated by coupled vibrational modes. We expected the 
dominant relaxation pathway occurred through interactions of the metal cation with ligand C−H 
oscillators. The geometry of complex 4.1-N had previously been determined to be trigonal 
pyramidal using gas phase electron diffraction studies.40 The deviation of 4.1-N from trigonal 
planar geometry implied the presence of C−H agostic interactions between the Ce3+ cation and 
methyl groups of the silyl amide ligands. The replacement of amide ligands with guanidinate 
ligands removed C−H agostic interactions and thus resulted in less dissipation of energy through 
vibrational process from the excited state. In addition, we postulate the rigidity of bidentate 
guanidinate ligands41,42 compared to monodentate amide ligands restricted vibration relaxation 
process occurring through Ce−N and N−Si bonds. 
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4.3.3 Quantum Yields and Lifetime. To quantitatively determine the efficiency of emission, 
photo-luminescence quantum yields (ΦPL) were obtained in toluene through a comparative 
method43,44 referenced to 9,10-diphenylanthracence (Φstd = 0.97) in cyclohexane.45 The 
calculated quantum yields (Figure 4.3.20) were found to increase with increasing number of 
guanidinate ligands in both the guanidinate-amide mixed-ligands series (from 0.03 for 4.1-N, 0.46 
for 4.2-N, 0.79 for 4.3-N to 0.81 for 4.4) and the guanidinate-aryloxide mixed-ligands series (from 
0.18 for 4.1-OAr, 0.24 for 4.2-OAr, 0.32 for 4.3-OAr to 0.81 for 4.4). For both series, the quantum 
yields reached maxima at 0.81 for the blue-emitting complex 4.4. This quantum yield was higher 
than the reported quantum yield of 0.55 in ethanol for the single other blue emitting CeIII complex, 
[CeIII(triRNTB)2](CF3SO3)3 complex (triRNTB = tris(N-propylbenzimidazol-2-ylmethyl)amine).17 On 
the other hand, the low quantum yield of 0.03 for 4.1-N indicated the presence of severe non-
radiative relaxation processes that quenched the long-lived 2D excited state. 
 Time-resolved luminescence data were collected near the emission maxima upon 
excitation at 380 nm. Single exponential fits were applied to the decay data to afford lifetimes (τ). 
The calculated lifetime for the 2D excited state of 4.1-N was found to be shorter (τ = 24 ns) 
compared to 4.2-N (τ = 65 ns), 4.3-N (τ = 117 ns) and 4.4 (τ = 83 ns) (Figure 4.3.21). These 
lifetime data are within the range of reported lifetimes for molecular Ce3+ emitters and also 
comparable to the vast number of lifetime data known for 5d excited states of Ce3+, Pr3+, Eu2+ 
cations in solid materials ( 
Table 4.3.2). The difference in lifetime was attributable to the non-radiative decay processes 
imposed by ligand oscillators. The ability of X−H (X = C, N, O, B) oscillators to quench lanthanide 
long-lived excited states have been widely established in the literature.46-51 With the partial 
replacement of amide ligands for guanidinate ligands, the quenching processes from low energy 
ligand vibrational modes were suppressed. This phenomenon was reflected in the non-radiative 
decay rates (knr) extracted from the photoluminescence quantum yields and lifetimes; knr was 
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determined to be 41.0(1) × 106 s-1 for 4.1-N, larger than the value 8.3(1) × 106 s-1 determined for 
4.2-N, and the value of 1.7(2) × 106 s-1 and 2.3(3) × 106 s-1 for 4.3-N and 4.4, respectively. 
Similarly, a decreasing trend of knr was also noted for the guanidinate-aryloxide series, ranging 
from 9.0(1) × 106 s-1 for 4.1-OAr, 8.9(1) × 106 s-1 for 4.2-OAr, 5.8(1) × 106 s-1 for 4.3-OAr and 
2.3(3) × 106 s-1 for 4.4. The decrease in knr can also be attributed to the suppression of vibrational 
quenching processes; the pyramidal solid-state structure of 4.1-OAr23 indicates the presence of 
C−H agostic interactions. The five-fold smaller knr value found for 4.1-OAr compared to 4.1-N can 
be understood based on differences in the ligands and their sterics. For example, the spatial 
orientation of methyl groups in the OAr− ligand prohibits C−H bonds from engaging in agostic 
interactions as efficiently as the −N(SiMe3)2 ligands. 
 
Table 4.3.2 Comparison of lifetime data for 1-N, 2-N, 3-N, 4 and selected examples of 5d→4f 
emitters. 
Complex or Material Lifetime (ns) 
1-N in toluene 24 
2-N in toluene 65 
3-N in toluene 117 
4 in toluene 83 
(C5Me5)2CeI(NCMe)2 in THF18 175 
(C5Me5)2CeI2K(thf)2 in THF18 175 
Ce(OSO2CF3)3 in THF18 25 
CeI3(thf)x  in THF18 36 
YPO4:0.01Ce3+ solid material33 23 
YPO4:0.01Pr3+ solid material33 17 
YAG:0.3%Ce3+ solid material52 65 
YAG:0.1%Pr3+ solid material52 15 
Na2BaSi2O6:0.01Eu2+ solid material53 170 
CLuP:0.01Ce3+ solid material54 29 








Figure 4.3.20 Quantum yields for 4.1-N, 4.2-N, 4.3-N, 4.4, 4.3-OAr, 4.2-OAr and 4.1-OAr. 
Standard deviations of data are provided. 
 
 
Figure 4.3.21 Lifetime for 4.1-N, 4.2-N, 4.3-N, 4.4, 4.3-OAr, 4.2-OAr and 4.1-OAr. Standard 
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As with 4.4, the pale yellow dimeric complex, 4.3-I, was found to be blue emitting, with a 
quantum yield of 0.53 and a lifetime of 69 ns in toluene. Complex 4.5 and 4.6 were also found to 
be blue emitting. Complex 4.5, the Cl− anion adduct of 4.1-N, exhibited a quantum yield of 0.80 
and a lifetime of 76 ns in toluene. Complex 4.6, the –N(SiMe3)2 anion adduct of 4.1-N was not 
soluble in toluene. The photoluminescence quantum yield of 4.6 was measured in THF to be 
0.39. The small Stokes shift (38 nm for 4.3-I and 88 nm for 4.5, 94 nm for 4.6), high quantum 
yield and long lifetime of these complexes further supports our thesis about the role of vibrational 
relaxation processes in these luminescent CeIII complexes. With the above photo-physical 
interpretation of CeIII long-lived excited states obtained from spectroscopic and computational 
results, we were prompted to investigate the photochemical properties for the guanidinate-amide 
mixed-ligand series. The spectroscopic data for the luminescent CeIII complexes presented above 
were summarized in Table 4.3.3. 
Table 4.3.3 Summary of spectroscopic data for luminescent CeIII complexes obtained in toluene. 
 4.1-N 4.1-OAr 4.2-N 
Spectra data 
λabs /nm 







λemi /nm 553 522 518 




















ΦPLa 0.027 0.18 0.46 
τ /ns 24 91 65 
krb /×106 s-1 1.1 2.0 7.0 
knrb /×106 s-1 41 9.0 8.3 
 
 4.2-N' 4.2-OAr 4.2-OAr' 
Spectra data 
λabs /nm 







λemi /nm 523 510 511 
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ΦPLa 0.54 0.24 0.25 
τ /ns 59 85 79 
krb /×106 s-1 9.0 2.8 3.2 
knrb /×106 s-1 7.7 8.9 9.5 
 
 4.3-I 4.3-N 4.3-OAr 
Spectra data 
λabs /nm 







λemi /nm 451 508 511 




















ΦPLa 0.53 0.79 0.32 
τ /ns 69 117 116 
krb /×106 s-1 7.7 6.8 2.8 
knrb /×106 s-1 6.8 1.8 5.8 
 
 4.4 4.5 4.6c 
Spectra data 
λabs /nm 






λemi /nm 459 454 455 




















ΦPLa 0.81 0.80 0.39 
τ /ns 83 76 − 
krb /×106 s-1 9.7 10.6 − 
knrb /×106 s-1 2.4 2.6 − 
a. Referenced to 9,10-diphenylanthracene (absolute quantum yield Φ =0.97)45 
b. Φ = kr/(kr + knr), τ = 1/(kr + knr) 








Figure 4.3.22 Lifetime data of 4.1-N in toluene. Left: Time-resolved emission intensity decay of 
4.1-N in toluene shown in black trace. The decay data was collected at 540 nm upon 380 nm 
excitation. A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 23.74 
± 0.03 ns. Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.1-
N in toluene is shown in the black trace with the fit shown as the blue solid line. 
 
 
Figure 4.3.23 Lifetime data of 4.1-OAr in toluene. Left: Time-resolved emission intensity decay of 
4.1-OAr in toluene shown in black trace. The decay data was collected at 520 nm upon 380 nm 
excitation. A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 91.3 ± 
0.5 ns. Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.1-








Figure 4.3.24 Lifetime data of 4.2-N in toluene. Left: Time-resolved emission intensity decay of 
4.2-N in toluene shown in black trace. The decay data was collected at 540 nm upon 380 nm 
excitation. A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 65.1 ± 
0.2 ns. Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.2-N 
in toluene is shown in the black trace with the fit shown as the blue solid line. 
 
 
Figure 4.3.25 Lifetime data of 4.2-N' in toluene. Left: Time-resolved emission intensity decay of 
4.2-N' in toluene shown in black trace. The decay data was collected at 540 nm upon 380 nm 
excitation. A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 59.5 ± 
0.3 ns. Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.2-N' 









Figure 4.3.26 Lifetime data of 4.2-OAr in toluene. Left: Time-resolved emission intensity decay of 
4.2-OAr in toluene shown in black trace. The decay data was collected at 540 nm upon 380 nm 
excitation. A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 85.1 ± 
0.5 ns. Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.2-
OAr in toluene is shown in the black trace with the fit shown as the blue solid line. 
 
 
Figure 4.3.27 Lifetime data of 4.2-OAr' in toluene. Left: Time-resolved emission intensity decay 
of 4.2-OAr' in toluene shown in black trace. The decay data was collected at 540 nm upon 380 
nm excitation. A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 
78.6 ± 0.4 ns. Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 








Figure 4.3.28 Lifetime data of 4.3−I in toluene. Left: Time-resolved emission intensity decay of 
4.3-I in toluene shown in black trace. The decay data was collected at 460 nm upon 380 nm 
excitation. A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 68.8 ± 
0.3 ns. Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.3-I in 
toluene is shown in the black trace with the fit shown as the blue solid line. 
 
 
Figure 4.3.29 Lifetime data of 4.3-N in toluene. Left: Time-resolved emission intensity decay of 
4.3-N in toluene shown in black trace. The decay data was collected at 520 nm upon 380 nm 
excitation. A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 117 ± 
1 ns. Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.3-N in 








Figure 4.3.30 Lifetime data of 4.3-OAr in toluene. Left: Time-resolved emission intensity decay of 
4.3-OAr in toluene shown in black trace. The decay data was collected at 540 nm upon 380 nm 
excitation. A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 116 ± 
1 ns. Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.3-OAr 
in toluene is shown in the black trace with the fit shown as the blue solid line. 
 
 
Figure 4.3.31 Lifetime data of 4.4 in toluene. Left: Time-resolved emission intensity decay of 4.4 
in toluene shown in black trace. The decay data was collected at 460 nm upon 380 nm excitation. 
A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 82.8 ± 0.4 ns. 
Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.4 in toluene 









Figure 4.3.32 Lifetime data of 4.5 in toluene. Left: Time-resolved emission intensity decay of 4.5 
in toluene shown in black trace. The decay data was collected at 460 nm upon 380 nm excitation. 
A single exponential fit from 40 ns to 175 ns is given as blue lines, affording τ = 75.6 ± 0.3 ns. 
Right: The ln(counts) versus time plot of time-resolved emission intensity decay for 4.5 in toluene 
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4.4 Molecular Photoreductants. Photoluminescent complexes find direct applications in light-
emitting materials,55 but have also drawn significant attention for applications in photovoltaic 
devices56,57 and photoredox catalysis.58 The luminescence phenomenon implies the existence of 
long-lived electronic excited states that are energetically poised to engage in single electron 
transfer (SET) reactions, much more so than in their ground states. The development of photo-
reduction chemistry relies on the availability of powerful photoreductants as well as the ability to 
tune their optical and electrochemical properties using simple modifications.59-61 Molecular 
complexes, including  Ru(bpy)32+ (bpy = 2,2′-bipyridine), fac-Ir(ppy)3 (ppy = 2,2′-phenylpyridine) 
and their derivatives, have been widely applied as visible light photo-redox catalysts to promote 
C−C bond forming reactions62-72 and CO2 reduction.73 Similarly, dimeric [Au2(µ-dppm)2]2+ (dppm = 
bis(diphenylphosphanyl)methane) was also shown to promote C−C bond formation under UV 
light or sunlight.74,75 As powerful reductants with excited-state reduction potential as low as −3.0 V 
versus Cp2Fe+/0, the excited states of luminescent tungsten(0) isocyanide complexes were shown 
to be effectively quenched by very weak oxidants such as benzophenone and anthracene.76,77  
Moreover, developments in C−N,78-80 C−O,81 C−S82 and C−C83-86 bond coupling reactions with 
luminescent CuI complexes indicate SET mechanisms are viable pathways for Ullmann-type 
coupling chemistry. And the use of CuI photosensitizers helped establish the application of earth 
abundant elements for photo-redox catalysis.87-90  
 Single photon excitation of transition metal photosensitizers leads to excited states 
through metal-to-ligand charge transfer transitions (MLCT).91 The resulting singlet excited states 
quickly undergo intersystem crossing (ISC) to afford long-lived triplets. In order to take full 
advantage of solar energy, the ideal absorption energy for visible light photosensitizers is ca. 2.8 
eV (440 nm, blue light), defined by the emission maximum in the sunlight spectrum.58,92,93 The 
intersystem crossing (ISC) process inevitably results in losses of absorbed energy. In contrast to 
the transition metal photosensitizers, the luminescence of the CeIII cation is metal-centered and 
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does not involve a change in spin state.2,11 Therefore, the energy loss during ISC process could 
be avoided in CeIII photosensitizers. The promise of applying CeIII cations for photochemistry was 
supported by early photolysis studies in aqueous solutions; H2 gas evolution was observed upon 
irradiation of aqueous solutions containing Ce(III) cations with UV light.94-97 
Our interests in developing CeIII photosensitizers are also grounded in the earth 
abundance of the element. Cerium has a similar abundance compared to copper in Earth’s upper 
continental crust with relative abundance of ~101.5 (atoms per 106 atoms of Si) and is more 
abundant than tungsten (100), gold (10-3), ruthenium (10-3) and iridium (<10-5), respectively.98 
Cerium is also readily separated from other lanthanide elements using oxidation chemistry99 and 
is a waste byproduct in the separations chemistry of light rare earth elements.  
4.5 Photochemistry of Cerium(III) Guanidinate-amide Complexes 
4.5.1 Estimated Excited-State Reduction Potential. To evaluate the reducing power of these 
CeIII complexes in the excited states, the excited state potentials (E*1/2) for the 2A1 states were 
approximated using the ground state reduction potentials (E1/2) and emission band energies 
following the Rehn-Weller formalism:65,100 
E*1/2 = E1/2 – E0,0 + ω 
In this relationship, the energy difference between 0th vibrational electronic ground state and 
excited state (E0,0) can be approximated by the emission band energy. The electrostatic 
interaction due to the separation of charges is represented by the work function, ω. The work 
function is a small contribution compared to E0,0 and usually omitted from the equation for 
simplicity.65 The ground state reduction potential (E1/2) was obtained from electrochemistry data 
collected in CH2Cl2 with 0.1 M [nPr4N][BArF4] as supporting electrolyte. Complexes 4.2-N, 4.3-N 
and 4.4 showed CeIII/IV redox couples at +0.03, 0.15 and –0.22 V versus Cp2Fe0/+, respectively 
(Figure 4.5.1). The decreasing E1/2 from 4.2-N to 4.4 indicated that the guanidinate ligand was 
more electron donating than the amide ligand. In the case of 4.1-N, no feature was observed in 
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CH2Cl2. Electrochemical data for 4.1-N obtained from THF101 were applied for the estimation of 
E*1/2, after correcting for the potential difference between those solvents with Cp2Fe0/+ couple. In 
addition, 4.2-N', the cyclohexayl analogue of 4.2-N, also demonstrated a quasi-reversible CeIV/III 
couple with E1/2 = + 0.13 V versus Cp2Fe+/0. 
 
Figure 4.5.1 Cyclic voltammetry of 4.2-N, 4.3-N and 4.4 at a scan rate of 0.5 V s-1 in CH2Cl2, with 
0.1 M [nPr4N][BArF4] supporting electrolyte. 
 Thus, the excited-state reduction potentials E*1/2 were estimated to be –2.19, −2.36, 
−2.59 and –2.92 V for complex 4.1-N, 4.2-N, 4.3-N and 4.4, respectively. These results put 
complex 4.4 among the strongest known photo-reductants, comparable to [(PNP)CuI]2 (PNP− = 
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bis(2-diisobutylphosphino)phenyl)amide)89 with its estimated E*1/2 of −3.2 V versus Cp2Fe0/+ and 
W(CNIph)6 (Iph = 2,6-diisopropylphenyl)77 with an E*1/2 of −2.8 V versus Cp2Fe0/+. The 
guanidinate-amide series complexes are also much more reducing than [Ru(bpy)3]2+ (bpy = 2,2'-
bipyridine) and Ir(ppy)3 (ppy = 2,2'-phenylpyridine) with values of E*1/2 = −1.31 V and –2.23 V 
versus Cp2Fe0/+, respectively.61 The decrease of observed Stokes shifts from 138 nm for 4.1-N to 
35 nm for 4.4 implied less energy loss in the excited state of complex 4.4 compared to 4.1-N, 
affording more powerful photo-reductants. One the other hand, the steric congestion around the 
Ce3+ cation in 4.4 was increased compared to 4.1-N, making Ce3+ center less accessible for 
substrates. In this context, the reactivity of the CeIII photosensitizers toward substrates with sp2 or 
sp3 carbon halogen bonds was investigated.  
Table 4.5.1 Estimation of CeIV/III reduction potential in 2D excited state for 4.1-N, 4.2-N, 4.2-N', 
4.3-N and 4.4. 
 E1/2a /eV E0,0 /eV E*1/2 /eV 
4.1-N +0.05b +2.24 −2.19 
4.2-N +0.03 +2.39 −2.36 
4.2-N' +0.13 +2.37 −2.24 
4.3-N −0.15 +2.44 −2.59 
4.4 −0.22 +2.70 −2.92 
a. Cyclic voltammetry in 0.1 M [nPr4N][BArF4]/CH2Cl2.  
b. No features observed for 4.1-N in CH2Cl2, E1/2 of 4.1-N in THF was used and corrected for the 
difference of Cp2Fe+/0 in THF and CH2Cl2. 
 
4.5.2 Stoichiometric and Catalytic Reduction of Benzyl Chlorides. Based on the 
spectroscopic and electrochemical data, we hypothesized that combining the reducing power of 
the 2D excited state and Ce(III)‒X bond enthalpy would allow us to activate challenging C‒X 
bonds photo-chemically through an inner sphere atom abstraction pathway. We choose PhCH2Cl 
as a first target for activation since the cathodic reduction wave of PhCH2Cl was reported at Epc = 
‒ 2.66 V versus Cp2Fe0/+ in DMF,102 lower than the ‒ 2.19 V estimated reduction potential for 4.1-
N. Thus, an outer sphere electron transfer process would not be expected to occur between 4.1-
N and PhCH2Cl on thermodynamic grounds (Figure 4.5.2). Combinations of 4.1-N and PhCH2Cl 
showed no reaction in the absence of light. Irradiation of a C6D6 solution containing 4.1-N with 
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excess of PhCH2Cl in a photoreactor equipped with 420 nm narrow band lamps led to a color 
change of the solution from yellow to dark red/purple within 5 min. The reaction also proceeded 
with commercially available compact fluorescent lamps (CFLs) as light sources. An 1H NMR 
experiment showed the formation of CeIVCl[N(SiMe3)2]3, concomitant with the generation of 
PhCH2CH2Ph through radical homo-coupling.  
 
 
Figure 4.5.2 Comparison of excited-state reduction potentials (E1/2*) between CeIII 
photosensitizers, Ru(bpy)32+, fac-Ir(ppy)3+ and cathodic potential  of benzyl chloride. 
 
 Similarly, photo-reactions of 4.2-N (or 4.2-N') with excess PhCH2Cl led to color changes 
from yellow to black and the production of PhCH2CH2Ph was confirmed by 1H NMR 
spectroscopy. Also noted in the solution 1H NMR spectra were sets of resonances for the 
Ce(IV)‒Cl products, 4.7-N (or 4.7-N'). To confirm the assessments of the oxidation products, 4.7-
N and 4.7-N', were independently prepared from reactions of Ph3C‒Cl with 4.2-N and 4.2-N'. X-
ray crystallography studies confirmed their identities as the CeIV‒Cl products (Figure 4.5.3 and 
Figure 4.5.4). The black complexes 4.7-N and 4.7-N' are the first examples of κ2-guanidinate 
moieties coordinated to Ce4+ cations; related cerium(III/IV) amidates and formamidinates have 
been reported.103-105 The black appearances of 4.7-N and 4.7-N' were evident in their UV-vis 
spectra, where both compounds were found to absorb evenly in the visible range, 400‒800 nm 
(3.1‒1.5 eV, Figure 4.5.5). TD-DFT calculations performed on 4.7-N afforded assignment of 
bands in the visible region as LMCT. In particular, the computed HOMO→LUMO vertical 
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excitation at 725 nm (1.71 eV) was found to be from a guanidinate non-bonding π orbital (πn) to a 
metal 4f-orbital. In addition, the corresponding CeIII−Cl complex, 
[NEt4]{[(Me3Si)2NC(NiPr)2]CeIIICl[N(SiMe3)2]2} (4.9-N) and 
[NEt4]{[(Me3Si)2NC(NCy)2]CeIIICl[N(SiMe3)2]2} (4.9-N') were also prepared. X-ray structural 
analysis confirmed their identities as the NEt4Cl adducts of 4.2-N and 4.2-N'. 
 
Figure 4.5.3 Thermal ellipsoid plot of 4.7-N at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)‒N(1) 2.2370(18), Ce(1)‒N(2) 2.2495(16), Ce(1)‒N(3) 2.4050(18), 
Ce(1)‒N(4) 2.4389(18), Ce(1)‒Cl(1) 2.6062(6); N(1)‒Ce(1)‒N(2) 110.11(6), N(3)‒Ce(1)‒N(4) 









Figure 4.5.4 Thermal ellipsoid plot of 4.7-N' at the 30% probability level. Selected bond length (Å) 
and angles (deg): Ce(1)‒N(1) 2.2780(13), Ce(1)‒N(2) 2.2451(13), Ce(1)‒N(3) 2.4019(13), 
Ce(1)‒N(4) 2.4344(13), Ce(1)‒Cl(1) 2.5877(5); N(1)‒Ce(1)‒N(2) 118.18(5), N(3)‒Ce(1)‒N(4) 




Figure 4.5.5 Electronic absorption spectra of 4.7-N (green line) and 4.7-N' (blue) collected in n-
pentane. A picture of a very diluted pentane solution of 4.7-N in 1 mm path length quartz cuvette 
was shown in inset to demonstrate the black colour of the complex. TD-DFT calculated transitions 
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for 4.7-N were shown as green vertical lines in the inset together with the experimental data in 
black dashed line. 
 In all cases, the CeIV‒Cl products, CeIVCl[N(SiMe3)2]3, 4.7-N and 4.7-N' were stronger 
visible light absorbers than their CeIII congeners. As such, the CeIV products in the reaction 
mixture inhibited the absorption of light by CeIII species and resulted in incomplete reactions. To 
avoid accumulation of CeIV species we found NaN(SiMe3)2 could effectively reduce the CeIV‒Cl 
products to CeIII species with precipitation of NaCl and formation of aminyl radical: •N(SiMe3)2. 
However, under catalytic conditions with stoichiometric NaN(SiMe3)2, only a low yield (22% in 
Et2O) of PhCH2CH2Ph was achieved, due to side-reactions of the aminyl radical with the starting 
material, PhCH2Cl. Byproducts, including PhCH2N(SiMe3)2 and PhCH2CHClPh, were identified by 
1H NMR spectroscopy and GC-MS. To address these problems, Zn or Ce metal powders were 
introduced to the reaction mixtures as additives to quench the aminyl radical and afforded 
bibenzyl products in reasonable yields (Table 4.5.2). The same reactions proceeded much slower 
with 4.2-N and 4.2-N' despite their longer lifetimes than 4.1-N. This difference was attributed to 
steric congestion from the guanidinate ligands which disfavored substrate coordination at the 
Ce3+ cation.  
Table 4.5.2 Turning over of PhCH2Cl coupling reaction. 
 
Entry [CeIII] Solvent Yielda/% 
1 4.1-N Et2O 68(62b) 
2 4.2-N Et2O 17 
3 4.2-N' Et2O 10 
4 - Et2O 5 
5 4.1-N C6H6 45 
6 4.1-N TMS2O 23 
7 4.1-N CPME 44 
8 4.1-N n-pentane 12 
9 4.1-N 1,4-dioxane 19 
a. Determined by 1H NMR integration against internal standard CH2Br2. 
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 In contrast, no reaction was observed for 4.3-N and 4.4 with PhCH2Cl under the same 
reaction conditions (Figure 4.5.6), despite the prediction of those compounds to be more reducing 
than 4.1-N and 4.2-N in their long-lived 2D excited states. The lack of reactivity for 4.3-N and 4.4 
toward PhCH2Cl can be rationalized based on the accessibility of Ce3+ cation; the steric 
congestion in 4.3-N and 4.4 around their Ce3+ cations do not favor substrate association in their 
2D excited states. 
 
Figure 4.5.6 Reaction of 4.1-N, 4.2-N, 4.3-N and 4.4 with excess PhCH2Cl in C6D6 under 
compact fluorescent lamp irradiation. 
 
4.5.3 Catalytic Benzene Arylation Reactions. We next turned our attention to more 
challenging substrates, involving C(sp2)−X bonds. We found irradiation of a 20 mol% solution of 
4.1-N with 4-F-C6H4X (X = I, Br) and NaN(SiMe3)2 in benzene at room temperature afforded 1-(4-
fluorophenyl)benzene as the major product. The identity of the major product was confirmed by 
19F NMR spectroscopy as well as high resolution mass spectroscopy (HRMS). The origin of the 
phenyl group was confirmed with the use of C6D6 as the reaction solvent; the molecular mass 
corresponding to 1-(4-fluorophenyl)-2,3,4,5,6-deuterobenzene was detected by HRMS. In 
addition, NMR scale reactions of 4.1-N with excess 4-F-C6H4Br in C6D6 revealed the formation of 
CeIVBr[N(SiMe3)2]3.106 Therefore, the catalytic generation of the biphenyl products mediated by 
 
 
Chapter 4 – Photochemistry of Luminescent Ce(III) Guanidinate-amide/aryloxide Complexes| 215 
 
 
4.1-N was rationalized through an SRN1 type mechanism comprising: (1) photo-induced halogen 
abstraction from 4-F-C6H4Br by 4.1-N leading to CeIVBr[N(SiMe3)2]3 and 4-F-C6H4•, (2) addition of 
4-F-C6H4• to benzene forming radical adduct, (3) salt-metathesis and reduction of 
CeIVBr[N(SiMe3)2]3 with NaN(SiMe3)2 to regenerate 4.1-N and form •N(SiMe3)2, (4) hydrogen atom 
abstraction of the radical adduct by •N(SiMe3)2 to give the biphenyl product (Figure 4.5.8A).  
With the preliminary identification of the reaction products, an optimization of the reaction 
conditions was performed (Table 4.5.3). We found the reaction gave reasonable yields for both 
aryl iodide and aryl bromide by using 20 mol% 4.1-N as catalyst and 1.1 eq KN(SiMe3)2 as 
reductant. The observation of biphenyl as a minor byproduct was attributed to the formation of 
highly reactive •N(SiMe3)2 in the reaction; hydrogen abstraction of benzene by •N(SiMe3)2 
afforded phenyl radical, which subsequently led to the formation of biphenyl.  
Table 4.5.3 Optimization of photo-induced arylation reactions of benzene mediated by 4.1-N. 
 
Entry X = M =  y /mol% Conversiona /% Yielda /% Biphenyla
 
/% 
1 I Li 20 97 54 2 
2 I Na 20 >99 52 8 
3 I K 20 >99 76 6 
4 I K 10 >99 74 5 
5 I K 5 >99 79 4 
6 Br  K 20 92 76 2 
7 Br K 10 61 54 1 
8 Br K 5 39 28 <1 
a. All percentage conversions to product (percentage conversion of aryl halides starting 
materials) are determined by GC. 
 
In addition to the observation of corresponding CeIV−Br species in stoichiometric 
reactions between 4.1-N and 1-bromo-4-fluorobenzene, the inner sphere SET mechanism of 4.1-
N with aryl bromides is also reflected in the relative conversions of catalytic reactions under the 
optimized condition toward different para-substituted substrates (Table 4.5.4). The conversion of 
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4-R-C6H4Br (R = Me, H, F) was found to decrease with the electron donating ability of the 
substituents under same reaction condition (entry 1-3). Such a pattern of reactivity is opposite to 
that expected for an outer sphere SET mechanism where electron poor aryl rings would be more 
efficient electron acceptors. Rather, the observed Me > H > F sequence is consistent with an 
inner sphere SET pathway where more electron-rich aryl bromide associates with Ce3+ cation 
more readily. Interestingly, 2-fluorophenyl bromide reacted much faster and reached complete 
conversion under the same reaction condition (entry 4). We tentatively attributed this result to the 
chelation effect of 2-fluorophenyl bromide to the Ce3+ cation through C−F→CeIII interaction107-111 
that facilitated substrate binding to the Ce3+ cation. The arylation reaction of benzene catalyzed 
by 4.1-N was found to be faster for aryl iodides compared to aryl bromides; quantitative 
conversion can be achieved for aryl iodides (entries 5-10) under the same reaction condition for 
aryl bromides. Notably, a significantly lower yield was observed for 2-methylphenyl iodide (entry 
10, 23 %) compared to 4-methylphenyl iodide (entry 5, 76 %) and 3-methylphenyl iodide (entry 9, 
88 %), despite the complete conversion for all three substrates. This observation can also be 
reasoned based on our proposed reaction pathway (Figure 4.5.8A); direct H-atom abstraction of 
bulky •N(SiMe3)2 radical from radical adduct [Ar−C6H6]• is expected to be unfavorable for the 2-
methylphenyl iodide substrate.   
Table 4.5.4 Scope for catalytic photo-induced arylation reactions of benzene with 4.1-N. 
 
Entry X = R = Conversiona 
/% /%5 
Yielda /% 
1 Br 4-Me 92 76 
2 Br H 80 72 
3 Br 4-F 69 32 
4 Br 2-F > 99 86 
5 I 4-Me > 99 76 
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6 I H > 99 85 
7 I 4-F > 99 91 
8 I 2-F > 99 87 
9 I 3-Me > 99 88 
10 I 2-Me > 99 23 
a. All percentage conversions to product (percentage conversion of aryl halides starting 
materials) are determined by GC. 
   
 
Figure 4.5.7 Catalytic photo-induced phenylation of 4-fluorophenyliodide with 4.4. 
 
 We also investigated phenylation reactions of aryl halides with complex 4.4. In this case, 
irradiation of a benzene solution containing 4-fluoroiodobenzene, (thf)Na[(iPrN)2CN(SiMe3)2] and  
10 mol% 4.4 for 6 days led to the isolation of 1-(4-fluorophenyl)benzene in 35 % yield (Figure 
4.5.7), while no reactions were observed for the 4-F-C6H4Br and 4-F-C6H4Cl substrates. The 
phenylation reaction of 4-fluoroiodobenzene mediated by 4.4 was also performed with intermittent 
light; no 1-(4-fluorophenyl)benzene formation was observed during the dark period, suggesting 
the product formation did not involve radical propagation process. The inability of complex 4.4 to 
react with 4-F-C6H4Br despite 4.4 is predicted to be more reducing in its 2D excited state than 4.1-
N suggested the arylation reaction of benzene with 4.4 occurred through a different reaction 
pathway. In addition, we also noted complex 4.4 was incapable of associating a Cl− anion or 
reacting with an inner sphere oxidant Ph3C−Cl. In contrast, complex 4.1-N reacts readily with 
NEt4Cl to form [NEt4]{CeIIICl[N(SiMe3)2]3} (4.5) and with Ph3C−Cl to afford CeIVCl[N(SiMe3)2]3. 
These differences in reactivity between 4.1-N and 4.4 suggest the steric encumbrance around the 
Ce3+ cation in 4.4 was sufficiently large to prevent substrate binding. 
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A. Inner sphere SET pathway with 4.1-N (X = Br, I): 
 
 
B. Outer sphere SET pathway with 4.4 (X = I): 
 
Figure 4.5.8 Proposed cycle for photo-induced arylation of benzene through inner sphere single 
electron transfer pathway and outer sphere SET pathway 
 
 Noting the differences in reactivity between 4.1-N and 4.4, we are prompt to propose 
complex 4.4 reduces aryl iodide through an outer sphere SET process. Therefore, the catalytic 
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cycle for the phenylation of aryl iodide with 4.4 would comprise following steps (Figure 4.5.8B): 
(1) photo-induced reduction of 4-F-C6H4I by 4.4* to produce 4.4+ and [4-F-C6H4I]•−, (2) 
dissociation of the radical anion to give iodide and 4-F-C6H4•, (3) addition of  4-F-C6H4• to 
benzene forming a radical adduct, (4) oxidation of the radical adduct by 4.4+ to regenerate 4.4; (5) 
reaction of (thf)Na[(iPrN)2CN(SiMe3)2] with H+ to afford the biphenyl product. Similar outer sphere 
single electron transfer pathways for catalytic phenylation reactions of aryl halides have been 
reported with Group I and transition metal 1,10-phenanthroline complexes at elevated 
temperatures.112-116 More recently, homolytic aromatic substitution reactions mediated by the 
photoredox catalyst, Ir(ppy)3 have also been demonstrated.117  
 The one-electron oxidation product of 4.4 was synthesized. Treatment of 4.4 with 
[Cp2Fe][BArF4] in THF followed by recrystallization from CH2Cl2/pentane layering afforded dark 
green crystals of 4.8. An X-ray diffraction study of 4.8 confirmed the proposed cationic tris-
guanidinate structure with average Ce−N bond length observed at 2.397(4) Å for 4.8, compared 
to 2.526(4) Å observed for 4.4 (Figure 4.5.9). The ca. 0.1 Å difference in Ce−N bond lengths was 
consistent with the difference in ionic radii between Ce3+ and Ce4+ cations.118 The dark green 
colour of 4.8 is uncommon for CeIV compounds.9 A UV-vis spectrum of 4.8 collected in CH2Cl2 
revealed an intriguingly low energy absorption band at 1.60 eV (775 nm, Figure 4.5.10), indicative 
of small HOMO−LUMO gap.119 This LMCT band was tentatively assigned to a transition from the 
guanidinate non-bonding π orbitals (πn) to a cerium 4f-orbital. The isolation of 4.8 suggests the 
outer sphere single electron transfer of 4.4 is a viable process. 
 
 




Figure 4.5.9 Thermal ellipsoid plot of 4.8 at the 30% probability level. The [BArF4]− anion and 
interstitial CH2Cl2 were omitted for clarity. Selected bond length (Å) and angles (deg): Ce(1)‒N(1) 
2.426(4), Ce(1)‒N(2) 2.374(3), Ce(1)‒N(4) 2.428(4), Ce(1)‒N(5) 2.379(4), Ce(1)‒N(7) 2.390(4), 




Figure 4.5.10 Electronic absorption spectra of 4.8 collected in CH2Cl2, featuring a low energy 
LMCT transition at 1.60 eV. 
 
The difference in inner and outer sphere electron transfer pathways for 4.1-N and 4.4 
was also reflected in the quenching rate, kq of substrate to the excited state of photosensitizers. 
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The kinetics of intermolecular quenching process for a fluorophore follows the Stern-Volmer 
relationship:  
 
where I0 and τ0 are the fluorescence intensity and lifetime in the absence of a quencher. I stands 
the fluorescence intensity with a quencher present at a concentration of [Q]. kSV, the Stern-
Volmer constant is the slope between I0/I – 1 and [Q].  
The Stern-Volmer plots between CeIII photosensitizers, including 4.1-N, 4.2-N, 4.3-N and 
4.4, and 4-fluorophenyliodide were collected in toluene (Figure 4.5.11). The quenching rate 
calculated for 4.1-N at 2.1 × 109 M-1 s-1 was two order of magnitude larger than that calculated for 
4.4 (3.5 × 107 M-1 s-1). This result was consistent with our experimental observation that same 
reaction mediated by 4.1-N was faster than 4.4 despite that 4.1-N demonstrated a shorter 
photoluminescence lifetime (24 ns) than 4.4 (83 ns).  
 
 
Figure 4.5.11 Stern-Volmer plots of 4.1-N, 4.2-N, 4.3-N and 4.4 in toluene with 4-
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Table 4.5.5 Quenching rates of 4.1-N, 4.2-N, 4.3-N and 4.4 with 4-fluorophenyliodide as 
quencher. 
 4.1-N 4.2-N 4.3-N 4.4 
kSV (M-1) 50.4 14.2 2.3 2.9 
τ0 (ns) 24 65 117 83 
kq (× 108 M-1 s-1) 21 2.1 0.19 0.35 
log(kq) 9.32 8.33 7.29 7.54 
 
The benzene arylation reactions shown above are catalytic in 4.1-N or 4.4 and 
demonstrated for the first time that f-block complexes could serve as an effective molecular 
photoredox catalyst either through an inner sphere SET pathway or an outer sphere SET 
pathway.  
4.6 Experimental. 
4.6.1 General Method. Unless otherwise indicated all reactions and manipulations were 
performed under an inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum 
Atmospheres, Inc. Nexus II drybox equipped with a molecular sieves 13X / Q5 Cu-0226S catalyst 
purifier system. Glassware was oven-dried overnight at 150 °C prior to use.  
1H, 19F and 13C NMR spectra were obtained at 300 K on a Bruker DMX-300 Fourier 
transform NMR spectrometer operating at a 1H frequency of 300 MHz. Chemical shifts were 
recorded in units of parts per million referenced against residual proteo solvent peaks (1H), 
deteuro solvent peaks (13C) or fluorobenzene (19F, -113.15 ppm). Elemental analyses were 
performed at Complete Analysis Laboratories, Inc. using a Carlo Erba EA 1108 analyzer. The 
qualitative analyses of volatile samples were carried out on an Agilent 5973 inert GC/MS system 
using the CI method of ionization. The quantification of volatile samples was conducted on an 
Agilent 7890A GC system using FID detention method with pre-made standard curves. 
Spectroscopic characterizations for air sensitive samples were carried out using a 10 mm 
pathlength quartz cell fused with a J-Young valve. Solution absorption spectra were collected on 
a PerkinElmer Lambda 950 UV/VIS/NIR Spectrometer. Steady state emission spectra were 
collected on Fluorolog®-3 spectrofluorometer (HORIBA Jobin Yvon, Inc.) using an R928 PMT 
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detector. Deconvolution of the spectra was made with Gaussian functions using fityk120 program. 
Lifetime measurements were collected on a PTI PicoMaster TCSPC lifetime fluorometer with 380 
nm wavelength source. 
Voltammetry experiments were performed using a CH Instrument 620D Electrochemical 
Analyzer/Workstation, and the data were processed using CHI software v9.24. All experiments 
were performed in a N2 atmosphere drybox using electrochemical cells that consisted of a 4 mL 
vial, glassy carbon working electrode, a platinum wire counter electrode, and a silver wire plated 
with AgCl as a quansi-reference electrode. The quansireference electrode was prepared by 
dipping a length of silver wire in concentrated hydrochloric acid. The working electrode surfaces 
were polished prior to each set of experiments. Potentials were reported versus ferrocene, which 
was added as an internal standard for calibration at the end of each run. Solutions employed 
during these studies were ~3 mM in analyte and 100 mM in electrolyte in 2 mL of acetonitrile. All 
data were collected in a positive-feedback IR compensation mode.  
Photo-chemical reactions were carried out in J-Young tubes or glass bombs with screwed 
on Teflon caps. Broad band visible light irradiation was carried out with 23 W daylight compact 
fluorescent light lamps (GE-89095). Narrow band visible light irradiation was carried out in a 
Rayonet-100 photoreactor equipped with four fluorescent light tubes (LZC-VIS). 
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4.6.2 Materials. Tetrahydrofuran, diethyl ether, fluorobenzene, hexanes, and n-pentane were 
purchased from Fisher Scientific. The solvents were sparged for 20 min with N2 and dried using a 
commercial two-column solvent purification system comprising columns packed with Q5 reactant 
and one with neutral alumina (for hexanes and n-pentane), or two columns of neutral alumina (for 
THF, Et2O and fluorobenzene). Deuterated solvents were purchased from Cambridge Isotope 
Laboratories, Inc. and stored over molecular sieves overnight prior to use. Ce[N(SiMe3)]3 were 
prepared following published procedures.121  
4.6.3 X-ray Crystallography. X-ray reflection intensity data were collected on a Bruker APEXII 
CCD area detector employing graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at a 
temperature of 143(1) K. In all cases, rotation frames were integrated using SAINT,122 producing 
a listing of unaveraged F2 and σ(F2) values which were then passed to the SHELXTL123 program 
package for further processing and structure solution on a Dell Pentium 4 computer. The intensity 
data were corrected for Lorentz and polarization effects and for absorption using TWINABS124 or 
SADABS.125 The structures were solved by direct methods (SHELXS-97).126 Refinement was by 
full-matrix least squares based on F2 using SHELXL-97.126 All reflections were used during 
refinements. The weighting scheme used was w = 1/[σ2(Fo2)+ (0.0907P)2 + 0.3133P], where P = 
(Fo2 + 2Fc2)/3. Non-hydrogen atoms were refined anisotropically, and hydrogen atoms were 
refined using a riding model. 
4.6.4 Computational Methods. Electronic structure calculations were carried out on Gaussian 
09 Rev. A.02.127 The B3LYP hybrid DFT method was employed, with a 28-electron small core 
pseudopotential on cerium with published segmented natural orbital basis set incorporating quasi-
relativistic effects,128-131 and the 6-31G* basis set for all other atoms. The spin state was 
constrained as doublet for CeIII. Frequency calculations were performed to indicate that the 
geometry was the minimum energy. Time dependent DFT calculations were performed to 
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calculated absorptive transitions. Natural transition orbitals calculations were carried out with 
keyword: pop=NTO. Molecular orbitals were rendered with the program Chemcraft v1.6.128 
4.6.5 Improved synthesis of CeIII(OAr)3 (4.1-OAr). (Ar = 2,6-di-tert-butylphenyl). To a vial 
containing a 3 mL n-pentane solution of Ce[N(SiMe3)2]3 (0.124 g, 0.200 mmol, 1.00 equiv), a 3 
mL n-pentane solution of HOAr (0.124 g, 0.600 mmol, 3.00 equiv) was carefully layered. After 
setting undisturbed for 5 h, precipitation of a brown powder was observed. The mixture was 
filtered through a pipette packed with Celite to afford a yellow filtrate. The volatiles were removed 
under reduced pressure. The resulting yellow solid was collected by filtration over a medium 
porosity fritted filter, washed with 3 × 3 mL n-pentane and dried under reduced pressure for 0.5 h. 
Yield: 0.029 g, 0.038 mmol, 19%. 1H NMR (C6D6, 300 MHz, 300 K): δ 10.85 (d, 6H, −Ar, J = 9.0 
Hz), 9.57 (t, 3H, ‒Ar, J = 9.0 Hz), −2.99 (s, 54H, ‒tBu). 
4.6.6 [(Me3Si)2NC(NiPr)2]CeIII[N(SiMe3)2]2 (4.2-N). To a vial containing Ce[N(SiMe3)2]3 (1.24 g, 
2.00 mmol, 1.00 equiv) dissolved in 3 mL toluene, a 2 mL toluene solution containing iPr-N=C=N-
iPr (0.504 g, 4.00 mmol, 2.00 equiv) was added. After stirring for 3 days, a bright yellow 
precipitate resulted. The volatiles were removed under reduced pressure. The solid residues 
were extracted with 8 mL n-pentane and filtered through a Celite packed pipette and washed with 
2 × 2 mL of n-pentane.  The clear yellow solution was stored at −25 °C to yield bright yellow 
crystals. The yellow products were collected in 2 crops on a medium porosity fritted filter and 
dried under reduced pressure for 1 h. Yield: 1.090 g, 1.46 mmol, 73%. 1H NMR (C6D6, 300 K): δ 
15.82 (br, 2H, −CHMe2iPr), 3.87 (s, 18H, −SiMe3), −2.33 (br, 12H, −CH3iPr), −6.04 (s, 36H, 
−SiMe3). Elemental analysis found (calculated) for C25H68CeN5Si6: C 40.37 (40.17), H, 9.49 
(9.17), N 9.74 (9.37). Single crystals suitable for X-ray analysis were obtained by storing an n-
pentane solution at −25 °C. 
4.6.7 [(Me3Si)2NC(NCy)2]CeIII[N(SiMe3)2]2 (4.2-N'). To a vial containing Ce[N(SiMe3)2]3 (1.24 g, 
2.00 mmol, 1.00 equiv) dissolved in 5 mL n-pentane, a 3 mL n-pentane solution containing Cy-
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N=C=N-Cy (0.824 g, 4.00 mmol, 2.00 equiv) was added. After stirring for 3 days, a bright yellow 
precipitate formed. The mixture was concentrated to 3 mL and stored at -25 °C overnight to 
precipitate more yellow solids. The yellow solids were collected on a medium porosity fritted filter, 
washed with 2 × 0.5 mL of n-pentane and dried under reduced pressure for 1 h. Yield: 1.180 g, 
1.43 mmol, 72%. 1H NMR (C6D6, 300 K): δ 15.87 (br, 2H, −Cy), 3.85 (s, 18H, −SiMe3), 3.20 (br, 
4H, −Cy), 1.79 (br, 4H, −Cy), 0.51 (br, 2H, −Cy), 0.17 (br, 4H, −Cy), -2.38 (br, 2H, −Cy), −6.04 (s, 
36H, −SiMe3), −8.07 (br, 4H, −Cy). Elemental analysis found (calculated) for C31H76CeN5Si6: C 
45.34 (44.99), H, 9.18 (9.26), N 8.33 (8.46). Single crystals suitable for X-ray analysis were 
obtained by storing an n-pentane solution at −25 °C. 
4.6.8 [(Me3Si)2NC(NiPr)2]CeIII(OAr)2 (4.2-OAr) (Ar = 2,6-di-tert-butylphenyl). To a vial 
containing [(Me3Si)2NC(NiPr)2]CeIII[N(SiMe3)2]2 (0.145 g, 0.20 mmol, 1.00 equiv) dissolved in 1 
mL n-pentane, a 1 mL n-pentane solution containing 2,6-tert-butylphenol (0.082 g, 0.40 mmol, 
2.00 equiv) was added. With stirring, a yellow precipitate gradually formed. After 16 h, the solids 
were collected by filtration over a medium porosity fritted filter and dried under reduced pressure 
for 1 h. Yield: 0.112 g, 0.14 mmol, 69%. 1H NMR (C6D6, 300 K): δ 16.09 (br, 2H, −CHMe2iPr), 
10.36 (d, 4H, J = 9.0 Hz, −Ar), 9.24 (t, 2H, J = 9.0 Hz, −Ar), 5.49 (s, 18H, −SiMe3), -3.96 (s, 36H, 
−tBu), -8.68 (s, 12H, −CH3iPr). Elemental analysis found (calculated) for C41H74CeN3O2Si2: C, 
58.72(58.81), H, 8.79(8.91), N, 4.94(5.02). Single crystals suitable for X-ray analysis were 
obtained by storing an n-pentane solution of the product at –25 °C overnight.  
4.6.9 [(Me3Si)2NC(NCy)2]CeIII(OAr)2 (4.2-OAr') (Ar = 2,6-di-tert-butylphenyl). To a vial 
containing [(Me3Si)2NC(NCy)2]CeIII[N(SiMe3)2]2 (0.165 g, 0.20 mmol, 1.00 equiv) dissolved in 1 
mL n-pentane, a 1 mL n-pentane solution containing 2,6-tert-butylphenol (0.082 g, 0.40 mmol, 
2.00 equiv) was added. With stirring, a yellow precipitate gradually formed. After 16 h, the solids 
were collected by filtration over a medium porosity fritted filter and dried under reduced pressure 
for 1 h. Yield: 0.123 g, 0.13 mmol, 67%. 1H NMR (C6D6, 300 K): δ 15.66 (br, 2H, −CHCy), 10.17 
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(d, 4H, J = 7.2 Hz, −Ar), 9.09 (t, J = 7.5 Hz, 2H, −Ar), 5.36 (s, 18H, −SiMe3), -0.04 (br, 4H, −Cy), -
0.57 (br, 4H, −Cy), -1.58 (d, 2H, J = 6.6 Hz, −Cy), -2.72 (br, 4H, −Cy), -3.80 (s, 36H, −tBu), -6.45 
(br, 2H, −Cy), -20.01 (br, 4H, −Cy). Elemental analysis found (calculated) for C47H82CeN3O2Si2: C 
61.27 (61.53), H, 9.20 (9.01), N 4.45 (4.58). 
4.6.10 [(Me3Si)2NC(NiPr)2]Na(thf). To a flask containing NaN(SiMe3)2 (9.15 g, 50.0 mmol, 1.00 
equiv) dissolved in 40 mL THF, iPr-N=C=N-iPr (6.93 g, 55.0 mmol, 1.10 equiv) was added. The 
mixture was stirred overnight and the volatiles were removed under reduced pressure. The 
resulting white solids were collected by filtration over a medium porosity fritted filter and washed 
with 3 × 10 mL hexanes.  The solid was dried under reduced pressure for 2 h. Yield: 14.80 g, 
38.8 mmol, 78%. 1H NMR (C6D6, 300 MHz, 300 K): δ 3.89 (m, 2H, −CHiPr), 3.54 (m, 4H, thf), 1.39 
(m, 4H, thf), 1.27 (d, 12H, CH3iPr, J = 3.0 Hz), 0.34 (s, 18H, −SiMe3). Elemental analysis found 
(calculated) for C17H40N3NaOSi2: C, 53.38 (53.50), H, 10.37 (10.56), N, 11.10 (11.01).  
4.6.11 {[(Me3Si)2NC(NiPr)2]2CeIII}2(µ2-I)2  (4.3-I). To a vial containing CeI3 (0.521 g, 1.00 mmol, 
1.00 equiv) suspended in 5 mL THF, a 5 mL THF solution containing [(Me3Si)2NC(NiPr)2]Na(thf) 
(0.762 g, 2.00 mmol, 2.00 equiv) was added leading to a gradual color change to yellow. After 
stirring overnight, the volatiles were removed under reduced pressure. The resulting mixture was 
extracted with 20 mL of hexanes and filtered through Celite packed on a coarse porosity fritted 
filter. The filtrate was concentrated to 3 mL and stored at −25 °C overnight to yield pale yellow 
crystalline solids. The products were collected on a medium porosity fritted filter and dried under 
reduced pressure for 1 h. Yield: 0.545 g, 0.325 mmol, 65%. 1H NMR (C6D6, 300 MHz, 300 K): δ 
18.31 (br), 10.97 (br), −0.30 (br), −11.19 (br). 1H NMR (toluene-d8, 400 MHz, 380 K): δ 14.20 (br, 
8H, ‒CHiPr), 3.68 (br, 72H, ‒SiMe3), -3.26 (br, 48H, ‒CH3iPr). Elemental analysis found 
(calculated) for C26H64CeIN6Si4: C, 37.28 (37.17), H, 7.86 (7.68), N, 9.79 (10.00). Single crystals 
suitable for X-ray analysis were obtained by storing an n-pentane solution of the product at –25 
°C overnight.  
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4.6.12 [(Me3Si)2NC(NiPr)2]2CeIII[N(SiMe3)2] (4.3-N). To a vial containing 
{[(Me3Si)2NC(NiPr)2]2CeIII}2(μ2‒I)2 (0.252 g, 0.150 mmol, 1.00 equiv) suspended in 2 mL THF, a 2 
mL THF solution containing Na[N(SiMe3)2] (0.055 g, 0.300 mmol, 2.00 equiv) was added leading 
to an immediate color change from pale yellow to bright yellow. After stirring for 2 h, the volatiles 
were removed under reduced pressure. The resulting mixture was extracted with 5 mL n-pentane 
and filtered through Celite packed on a coarse porosity fritted filter. The filtrate was concentrated 
to 1 mL and stored at −25 °C overnight to yield bright yellow crystalline product. The product was 
collected by filtration over a medium porosity fritted filter and dried under reduced pressure for 1 
h. Yield: 0.145 g, 0.166 mmol, 55%. 1H NMR (C6D6, 300 MHz, 300 K): δ 9.83 (s, 4H, ‒CHiPr), 4.58 
(s, 36H, ‒SiMe3guanidiante), −4.57 (br, 24H, ‒CH3iPr), −9.62 (s, 18H, ‒SiMe3amide). Elemental analysis 
found (calculated) for C32H82CeN7Si6: C, 43.89(43.99), H, 9.46(9.46), N, 11.12(11.22). Single 
crystals suitable for X-ray analysis were obtained by storing an n-pentane solution of the product 
at –25 °C overnight.  
4.6.13 [(Me3Si)2NC(NiPr)2]2CeIIIOAr (4.3-OAr) (Ar = 2,6-di-tert-butylphenyl). To a vial 
containing {[(Me3Si)2NC(NiPr)2]2CeIII}2(μ2‒I)2 (0.252 g, 0.150 mmol, 1.00 equiv) suspended in 2 
mL toluene, a 3 mL THF solution containing ArONa(thf)2 (0.112 g, 0.300 mmol, 2.00 equiv) was 
added leading to an gradual color change from pale yellow to bright yellow. After stirring 
overnight, the volatiles were removed under reduced pressure. The resulting mixture was 
extracted with 5 mL hexanes and filtered through Celite packed on a coarse porosity fritted filter. 
The filtrate was concentrated to 2 mL and stored at −25 °C overnight to yield bright yellow 
crystalline solid. The solid was collected by filtration over a medium porosity fritted filter and dried 
under reduced pressure for 1 h. Yield: 0.197 g, 0.215 mmol, 72%. 1H NMR (C6D6, 300 MHz, 300 
K): δ 13.47 (s, 4H, ‒CHiPr), 9.09 (d, 2H, ‒Ar, J = 7.8 Hz), 8.29 (t, 1H, ‒Ar, J = 7.8 Hz), 4.17 (s, 
36H, ‒SiMe3), −4.47 (s, 18H, ‒tBu), −6.22 (br, 24H, ‒CH3iPr). Elemental analysis found 
(calculated) for C40H85CeN6OSi4: C, 52.10(52.30), H, 9.41(9.33), N, 9.29(9.15). Single crystals 
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suitable for X-ray analysis were obtained by storing a hexanes solution of the product at –25 °C 
overnight.  
4.6.14 [(Me3Si)2NC(NiPr)2]3CeIII (4.4). To a vial containing CeI3 (0.052 g, 0.100 mmol, 1.00 
equiv) suspended in 3 mL toluene, a 2 mL toluene solution containing 
{[(Me3Si)2N]C(NiPr)2}Na(thf) (0.114 g, 0.300 mmol, 3.00 equiv) was added. After stirring overnight, 
the volatiles were removed under reduced pressure. The resulting mixture was extracted with 5 
mL n-pentane and filtered through Celite packed on a coarse porosity fritted filter. The filtrate was 
concentrated to 1 mL and stored at −25 °C overnight to yield pale yellow crystalline product. The 
product was collected by filtration over a medium porosity fritted filter and dried under reduced 
pressure for 1 h. Yield: 0.046 g, 0.046 mmol, 46%. 1H NMR (C6D6, 300 MHz, 300 K): δ 10.02 (br, 
6H, ‒CHiPr), 2.81 (s, 54H, ‒SiMe3), −4.15 (br, 36H, ‒CH3iPr). Elemental analysis found (calculated) 
for C39H96CeN9Si6: C, 46.75 (46.85), H, 9.89 (9.68), N, 12.54 (12.61). Single crystals suitable for 
X-ray analysis were obtained by storing an n-pentane solution of the product at –25 °C overnight.  
4.6.15 [NEt4]{CeIIICl[N(SiMe3)2]3} (4.5). To a vial containing Ce[N(SiMe3)2]3 (0.248 g, 0.400 
mmol, 1.00 equiv) dissolved in 2 mL CH2Cl2, a CH2Cl2 solution containing NEt4Cl (0.066 g, 0.400 
mmol, 1.00 equiv) was added resulting in a colorless solution. After stirring for 2 h, the volatiles 
were removed under reduced pressure. Resulting mixture was then extracted with 3 mL CH2Cl2 
and filtered through Celite packed in a pipette filter. The filtrate was concentrated to 1 mL and 
layered with 6 mL hexanes to yield colorless crystals. The products were collected on a medium 
porosity fritted filter and dried under reduced pressure for 1 h. Yield: 0.219 g, 0.279 mmol, 70%. 
1H NMR (C6D6, 300 MHz, 300 K): δ 0.09 (s, 54H, ‒SiMe3), -2.05 (q, ‒CH2Et, 8H, J = 6.0 Hz), -2.54 
(t, 12H, ‒CH3Et, J = 6.0 Hz). Elemental analysis found (calculated) for C26H74CeClN4Si6: C, 
39.57(39.68), H, 9.46(9.48), N, 6.97(7.12). Single crystals suitable for X-ray analysis were 
obtained from the same method but without drying. 
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4.6.16 [K(18-crown-6)(thf)2]{CeIII[N(SiMe3)2]4} (4.6). To a vial containing Ce[N(SiMe3)2]3 (0.062 
g, 0.100 mmol, 1.00 equiv) and KN(SiMe3)2 (0.020 g, 0.100 mmol, 1.00 equiv) dissolved in 2 mL 
benzene, a 1 mL benzene solution containing 18-crown-6 (0.026 g, 0.100 mmol, 1.00 equiv) was 
added carefully on top, resulting in precipitation of colorless crystalline solids. The supernatant 
was removed and resulting solids dried under reduced pressure. The resulting solids were 
dissolved in 3 mL THF and filtered through Celite packed in a pipette filter. The filtrate was 
concentrated to 2 mL and layered with 5 mL n-pentane to yield colorless crystals. The products 
were collected on a medium size fritted filter and dried under reduced pressure for 1 h. Yield: 
0.066 g, 0.054 mmol, 54%. Elemental analysis found (calculated) for C44H112CeKN4O8Si8: C, 
42.75(42.99), H, 9.01(9.18), N, 4.29(4.56). Single crystals suitable for X-ray analysis were 
obtained from the same method but without drying. 
4.6.17 [(Me3Si)2NC(NiPr)2]CeIVCl[N(SiMe3)2]2 (4.7-N). To a vial containing 
[(Me3Si)2NC(NiPr)2]Ce[N(SiMe3)2]2 (0.075 g, 0.100 mmol, 1.00 equiv) dissolved in 2 mL toluene, a 
2 mL toluene solution containing Ph3C‒Cl (0.028 g, 0.100 mmol, 1.00 equiv) was added leading 
to an immediate color change from bright yellow to black. After stirring for 3 h, the volatiles were 
removed under reduced pressure. The resulting mixture was then extracted with 5 mL n-pentane 
and filtered through a Celite-packed coarse porosity fritted filter. The filtrate was concentrated to 3 
mL and stored at −25 °C overnight to yield colorless crystals (Gomberg’s dimer). The supernatant 
was collected and filtered through a Celite-packed pipette. The black solution was concentrated 
to 1 mL and stored at −25 °C overnight to yield black crystalline products. The products were 
collected on a medium porosity fritted filter by filtration and dried under reduced pressure for 1 h. 
Yield: 0.056 g, 0.072 mmol, 72%. 1H NMR (C6D6, 500 MHz, 300 K): δ 4.52 (m, 2H, −CHMe2iPr), 
1.43 (d, 12H, −CH3iPr, J = 10.0 Hz), 0.56 (s, 36H, −SiMe3), 0.20 (s, 18H, −SiMe3). 13C{1H} NMR 
(C6D6, 125 MHz, 300 K): δ 50.22 (−CHMe2iPr), 29.05 (−CH3iPr), 6.18 (−SiMe3), 3.83 (−SiMe3). 
Elemental analysis found (calculated) for C25H68CeClN5Si6: C, 38.43(38.35), H, 9.01(8.75), N, 
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8.98(8.95). Single crystals suitable for X-ray analysis were obtained by storing an n-pentane 
solution at –25 °C overnight.  
4.6.18 [(Me3Si)2NC(NCy)2]CeIVCl[N(SiMe3)2]2 (4.7-N'). To a vial containing 
[(Me3Si)2NC(NCy)2]Ce[N(SiMe3)2]2 (0.083 g, 0.100 mmol, 1.00 equiv) dissolved in 2 mL toluene, a 
2 mL toluene solution containing Ph3C‒Cl (0.028 g, 0.100 mmol, 1.00 equiv) was added leading 
to an immediate color change from bright yellow to black. After stirring for 3 h, the volatiles were 
removed under reduced pressure. The resulting mixture was then extracted with 5 mL n-pentane 
and filtered through a Celite packed coarse porosity fritted filter. The filtrate was concentrated to 3 
mL and stored at −25 °C overnight to yield colorless crystals (Gomberg’s dimer). The supernatant 
was collected and filtered through a Celite-packed pipette. The black solution was concentrated 
to 1 mL and stored at −25 °C overnight to yield black crystalline products. The products were 
collected on a medium porosity fritted filter and dried under reduced pressure for 1 h. Yield: 0.065 
g, 0.075 mmol, 75%. 1H NMR (C6D6, 500 MHz, 300 K): δ 4.16 (m, 2H, −CHCy), 2.06−1.20 (m, 
20H, −Cy), 0.58 (s, 36H, −SiMe3), 0.24 (s, 18H, −SiMe3). 13C{1H} NMR (C6D6, 125 MHz, 300 K): δ 
59.32 (−Cy), 38.87 (−Cy), 26.45 (−Cy), 25.59 (−Cy), 6.05 (−SiMe3), 3.48 (−SiMe3). Elemental 
analysis found (calculated) for C31H76CeClN5Si6: C, 42.96(43.14), H, 8.65(8.88), N, 8.03 (8.11). 
Single crystals suitable for X-ray analysis were obtained by storing an n-pentane solution at –25 
°C overnight.  
4.6.19 {[(Me3Si)2NC(NiPr)2]3CeIV}[BArF4] (4.8) (ArF = 3,5-bis(trifluoromethyl)phenyl). To a vial 
containing {[(SiMe3)2N]C(NiPr)2}3CeIII (0.100 g, 0.100 mmol, 1.00 equiv) dissolved in 2 mL THF, 
[Cp2Fe][BArF4] (0.105 g, 0.100 mmol, 1.00 equiv) was added, leading to an immediate color 
change to dark green. After stirring for 2 h, the volatiles were removed under reduced pressure. 
The resulting dark green solids were collected by filtration over a medium porosity fritted filter and 
washed with 3 × 5 mL n-pentane. The solids were dried under reduced pressure for 1 h. Yield: 
0.121 g, 0.065 mmol, 65%. 1H NMR (C6D6, 300 MHz, 300 K): δ 7.72 (s, 8H, ‒Ar), 7.55 (s, 4H, 
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‒Ar), 5.13 (m, 6H, ‒CHiPr), 1.54 (d, 36H, ‒CH3iPr, J = 4.8 Hz), 0.26 (s, 54 H, ‒SiMe3). 19F NMR 
(C6D6, 300 MHz, 300 K): δ −62.14 (s, 24F, −CF3). Elemental analysis found (calculated) for 
C71H108BCeF24N9Si6: C, 45.52 (45.77), H, 5.68 (5.84), N, 6.76 (6.77). Single crystals suitable for 
X-ray analysis were obtained by a CH2Cl2/n-pentane layering of the product. 
4.6.20 [NEt4]{[(Me3Si)2NC(NiPr)2]CeIIICl[N(SiMe3)2]2} (4.9-N). To a vial containing 
[(Me3Si)2NC(NiPr)2]Ce[N(SiMe3)2]2 (0.075 g, 0.100 mmol, 1.00 equiv) dissolved in 1 mL CH2Cl2, a 
1 mL CH2Cl2 solution containing NEt4Cl (0.017 g, 0.100 mmol, 1.00 equiv) was added leading to 
an immediate color change from bright yellow to colorless. After stirring for 3 h, the clear solution 
was filtered through Celite packed in a pipette filter and layered with 8 mL n-pentane. Storage of 
the layered solution at −25 °C overnight led to the formation of colorless crystalline solids. The 
products were collected on a medium size fritted filter and dried under reduced pressure for 1 h. 
Yield: 0.068 g, 0.075 mmol, 75%. 1H NMR (C6D6, 300 MHz, 300 K): δ 14.78 (br, 2H, −CHMe2iPr), 
6.53 (br, 12H, −CH3iPr), 1.44 (m, 8H, −CH2Et), 1.22 (s, 18H, −SiMe3), 0.01 (t, 12H, −CH3Et, J = 4.5 
Hz), −4.43 (s, 36H, −SiMe3). Elemental analysis found (calculated) for C33H88CeClN6Si6: C, 
43.15(43.40), H, 9.67(9.71), N, 9.16(9.20). Single crystals suitable for X-ray analysis were 
obtained through the same method.  
4.6.21 [NEt4]{[(Me3Si)2NC(NCy)2]CeIIICl[N(SiMe3)2]2} (4.9-N'). To a vial containing 
[(Me3Si)2NC(NCy)2]Ce[N(SiMe3)2]2 (0.083 g, 0.100 mmol, 1.00 equiv) dissolved in 1 mL CH2Cl2, a 
1 mL CH2Cl2 solution containing NEt4Cl (0.017 g, 0.100 mmol, 1.00 equiv) was added leading to 
an immediate color change from bright yellow to colorless. After stirring for 3 h, the clear solution 
was filtered through Celite packed in a pipette filter and layered with 8 mL n-pentane. Storage of 
the layered solution at −25 °C overnight led to the formation of colorless crystalline solids. The 
products were collected on a medium porosity fritted filter and dried under reduced pressure for 1 
h. Yield: 0.069 g, 0.070 mmol, 70%. 1H NMR (C6D6, 300 MHz, 300 K): δ 13.85 (br, 2H, −CHCy), 
9.44 (br, 4H, −CH2Cy), 4.51-3.20 (m, 12H, −CH2Cy), 1.54 (m, 8H, −CH2Et), 1.30 (t, 18H, −SiMe3, J = 
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6 Hz), 0.06 (s, 12H, −CH3Et), −4.13 (br, 36H, −SiMe3), −6.29 (br, 4H, −SiMe3). Elemental analysis 
found (calculated) for C39H96CeClN6Si6: C, 47.49(47.16), H, 9.68(9.74), N, 8.34(8.46). Single 
crystals suitable for X-ray analysis were obtained through the same method.  
4.7 X-ray Data. 
Table 4.7.1 Summary of structure determination. 
 4.2-N 4.2-N' 4.2-OAr 
Empirical formula  C25H68Si6N5Ce C31H76Si6N5Ce C41H74N3Si2O2Ce 
Formula weight  747.50 827.63 837.33 
Temperature  100(1) K 100(1) K 100(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  monoclinic monoclinic triclinic 
Space group  P21/n      P21/c      P-1 
Cell constants:     
a  8.8461(5) Å 9.4432(4) Å 10.8442(10) Å 
b  17.8341(10) Å 23.8081(11) Å 10.9095(12) Å 
c  25.8501(15) Å 20.2688(10) Å 19.879(2) Å 
 90 90 76.875(6)° 
 90.017(2)° 91.574(2)° 76.263(6)° 
 90 90 78.772(6)° 
Volume 4078.2(4) Å3 4555.2(4) Å3 2200.1(4) Å3 
Z 4 4 2 
Density (calculated) 1.217 Mg/m3 1.207 Mg/m3 1.264 Mg/m3 
Absorption coefficient 1.313 mm-1 1.182 mm-1 1.124 mm-1 
F(000) 1580 1756 886 
Crystal size 
0.50 x 0.10 x 0.07 
mm3 
0.30 x 0.15 x 0.12 
mm3 
0.35 x 0.18 x 0.15 
mm3 
Theta range for data 
collection 
1.58 to 27.53° 1.71 to 27.53° 1.94 to 27.62° 
Index ranges 
-11 ≤ h ≤ 11, -23 ≤ k ≤ 
23, -33 ≤ l ≤ 33 
-12 ≤ h ≤ 11, -30 ≤ k ≤ 
28, -26 ≤ l ≤ 26 
-14 ≤ h ≤ 14, -14 ≤ k ≤ 
14, -25 ≤ l ≤ 25 
Reflections collected 96775 102955 37443 
Independent 
reflections 
9354 [R(int) = 0.0237] 
10478 [R(int) = 
0.0171] 
9667 [R(int) = 0.0413] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.6859 0.7456 and 0.6919 0.7456 and 0.6171 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
9354 / 0 / 358 10478 / 0 / 407 9667 / 0 / 466 
Goodness-of-fit on F2 1.119 1.072 1.102 
Final R indices R1 = 0.0186, wR2 = R1 = 0.0155, wR2 = R1 = 0.0484, wR2 = 
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[I>2sigma(I)] 0.0400 0.0390 0.1132 
R indices (all data) 
R1 = 0.0235, wR2 = 
0.0432 
R1 = 0.0176, wR2 = 
0.0410 
R1 = 0.0553, wR2 = 
0.1220 
Largest diff. peak and 
hole 
0.533 and -0.241 e.Å-
3 
0.363 and -0.350 e.Å-
3 
1.624 and -2.239 e.Å-
3 
 
 4.3-I 4.3-N 4.3-OAr 




Formula weight  1752.57 873.71 918.62 
Temperature  100(1) K 100(1) K 100(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  triclinic triclinic monoclinic 
Space group  P-1 P-1 P21/c      
Cell constants:     
a  12.4517(8) Å 13.6334(4) Å 14.6270(3) Å 
b  13.3196(9) Å 14.3685(4) Å 21.5464(5) Å 
c  15.2765(17) Å 16.3214(5) Å 16.9923(4) Å 
 97.319(4)° 111.4540(10)° 90 
 102.877(4)° 93.7530(10)° 106.1410(10)° 
 114.368(3)° 110.5320(10)° 90 
Volume 2180.2(3) Å3 2716.95(14) Å3 5144.2(2) Å3 
Z 1 2 4 
Density (calculated) 1.335 Mg/m3 1.068 Mg/m3 1.186 Mg/m3 
Absorption coefficient 1.886 mm-1 0.995 mm-1 1.011 mm-1 
F(000) 900 930 1956 
Crystal size 
0.50 x 0.12 x 0.10 
mm3 
0.30 x 0.24 x 0.10 
mm3 
0.28 x 0.18 x 0.10 
mm3 
Theta range for data 
collection 
1.89 to 27.56° 1.64 to 27.54° 1.57 to 27.52° 
Index ranges 
-16 ≤ h ≤ 16, -17 ≤ k ≤ 
17, -19 ≤ l ≤ 19 
-17 ≤ h ≤ 17, -18 ≤ k ≤ 
18, -21 ≤ l ≤ 21 
-19 ≤ h ≤ 17, -28 ≤ k ≤ 
27, -22 ≤ l ≤ 22 
Reflections collected 43917 65416 122223 
Independent 
reflections 
9953 [R(int) = 0.0175] 
12349 [R(int) = 
0.0167] 
11818 [R(int) = 
0.0168] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.5755 0.7456 and 0.6887 0.7456 and 0.7172 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
9953 / 49 / 400 12349 / 0 / 442 11818 / 0 / 496 
Goodness-of-fit on F2 1.135 1.069 1.060 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0239, wR2 = 
0.0561 
R1 = 0.0174, wR2 = 
0.0428 
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R indices (all data) 
R1 = 0.0280, wR2 = 
0.0600 
R1 = 0.0191, wR2 = 
0.0434 
R1 = 0.0206, wR2 = 
0.0452 
Largest diff. peak and 
hole 
2.155 and -0.660 e.Å-
3 
0.470 and -0.380 e.Å-
3 
0.754 and -0.331 e.Å-
3 
 
 4.4 4.5 4.6 
Empirical formula  C39H96Si6N9Ce C27H76N4Si6Cl3Ce 
C44H112Si8N4O8KC
e 
Formula weight  999.91 871.93 1229.32 
Temperature  100(1) K 100(1) K 100(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  monoclinic monoclinic orthorhombic 
Space group  P21/n      P21/n      P212121 
Cell constants:     
a  14.4193(4) Å 15.9152(12) Å 16.3939(17) Å 
b  22.9467(7) Å 15.6395(11) Å 17.9890(18) Å 
c  17.0665(5) Å 18.7462(13) Å 22.394(2) Å 
 90 90 90 
 97.2550(10)° 91.845(4)° 90 
 90 90 90 
Volume 5601.7(3) Å3 4663.6(6) Å3 6604.2(11) Å3 
Z 4 4 4 
Density (calculated) 1.186 Mg/m3 1.242 Mg/m3 1.236 Mg/m3 
Absorption coefficient 0.974 mm-1 1.323 mm-1 0.941 mm-1 
F(000) 2140 1836 2628 
Crystal size 
0.25 x 0.25 x 0.18 
mm3 
0.50 x 0.10 x 0.10 
mm3 
0.20 x 0.15 x 0.08 
mm3 
Theta range for data 
collection 
1.68 to 27.58° 1.65 to 29.18° 1.45 to 27.61° 
Index ranges 
-18 ≤ h ≤ 18, -29 ≤ k ≤ 
23, -20 ≤ l ≤ 22 
-21 ≤ h ≤ 21, -21 ≤ k ≤ 
21, -25 ≤ l ≤ 25 
-20 ≤ h ≤ 21, -22 ≤ k ≤ 
23, -29 ≤ l ≤ 28 
Reflections collected 60643 118790 136503 
Independent 
reflections 
12921 [R(int) = 
0.0293] 
12412 [R(int) = 
0.0274] 
15223 [R(int) = 
0.0420] 
Completeness to theta 
= 27.52° 








Max. and min. 
transmission 
0.7456 and 0.6851 0.7458 and 0.6334 0.7456 and 0.6903 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
12921 / 0 / 527 12412 / 0 / 393 15223 / 0 / 620 
Goodness-of-fit on F2 1.036 1.192 1.113 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0560, wR2 = 
0.1244 
R1 = 0.0364, wR2 = 
0.1218 
R1 = 0.0456, wR2 = 
0.1182 
R indices (all data) R1 = 0.0709, wR2 = R1 = 0.0399, wR2 = R1 = 0.0495, wR2 = 
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0.1330 0.1237 0.1208 
Largest diff. peak and 
hole 
2.829 and -2.057 e.Å-
3 
1.770 and -1.206 e.Å-
3 
5.280 and -0.743 e.Å-
3 
 
 4.7-N 4.7-N' 4.8 
Empirical formula  C25H68Si6N5ClCe C31H76Si6N5ClCe 
C73BH112N9Si6F24
Cl4Ce 
Formula weight  782.95 863.08 2032.99 
Temperature  100(1) K 100(1) K 100(1) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  orthorhombic monoclinic monoclinic 
Space group  Pna21    P21/n      P21/n      
Cell constants:     
a  18.3829(8) Å 9.3555(13) Å 23.2747(16) Å 
b  25.4115(10) Å 23.472(3) Å 18.2692(12) Å 
c  8.7163(3) Å 20.797(3) Å 24.8200(17) Å 
 90 90 90 
 90 97.552(6)° 115.313(3)° 
 90 90 90 
Volume 4071.7(3) Å3 4527.3(10) Å3 9540.4(11) Å3 
Z 4 4 4 
Density (calculated) 1.277 Mg/m3 1.266 Mg/m3 1.415 Mg/m3 
Absorption coefficient 1.382 mm-1 1.249 mm-1 0.755 mm-1 
F(000) 1648 1824 4176 
Crystal size 
0.28 x 0.05 x 0.05 
mm3 
0.60 x 0.12 x 0.03 
mm3 
0.45 x 0.35 x 0.12 
mm3 
Theta range for data 
collection 
1.60 to 27.53° 1.31 to 27.61° 1.44 to 27.77° 
Index ranges 
-23 ≤ h ≤ 23, -33 ≤ k ≤ 
32, -10 ≤ l ≤ 11 
-12 ≤ h ≤ 11, -30 ≤ k ≤ 
30, -26 ≤ l ≤ 26 
-30 ≤ h ≤ 30, -22 ≤ k ≤ 
23, -29 ≤ l ≤ 31 
Reflections collected 88107 97454 98365 
Independent 
reflections 
9098 [R(int) = 0.0380] 
10261 [R(int) = 
0.0334] 
21782 [R(int) = 
0.0573] 
Completeness to 
theta = 27.52° 








Max. and min. 
transmission 
0.7456 and 0.6787 0.7456 and 0.6245 0.7456 and 0.6666 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
9098 / 1 / 366 10261 / 0 / 415 21782 / 486 / 1148 
Goodness-of-fit on F2 1.049 1.077 1.021 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0193, wR2 = 
0.0438 
R1 = 0.0191, wR2 = 
0.0424 
R1 = 0.0580, wR2 = 
0.1444 
R indices (all data) 
R1 = 0.0214, wR2 = 
0.0447 
R1 = 0.0245, wR2 = 
0.0450 
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Largest diff. peak and 
hole 
0.800 and -0.522 e.Å-
3 
0.451 and -0.430 e.Å-
3 
1.588 and -1.459 e.Å-
3 
 
 4.9-N 4.9-N'  




Formula weight  5564.15 1078.25  
Temperature  100(1) K 100(1) K  
Wavelength  0.71073 Å 0.71073 Å  
Crystal system  triclinic triclinic  
Space group  P-1 P-1  
Cell constants:     
a  17.4036(7) Å 12.5783(8) Å  
b  20.6957(8) Å 14.3012(9) Å  
c  24.9538(10) Å 18.4411(12) Å  
 103.801(2)° 67.497(2)°  
 102.939(2)° 84.285(3)°  
 109.687(2)° 69.997(2)°  
Volume 7749.8(5) Å3 2877.9(3) Å3  
Z 1 2  
Density (calculated) 1.192 Mg/m3 1.244 Mg/m3  
Absorption coefficient 1.116 mm-1 1.086 mm-1  
F(000) 2964 1146  
Crystal size 
0.25 x 0.12 x 0.10 
mm3 
0.44 x 0.38 x 0.18 
mm3 
 
Theta range for data 
collection 
1.65 to 27.76° 1.63 to 27.52°  
Index ranges 
-22 ≤ h ≤ 22, -26 ≤ k ≤ 
27, -32 ≤ l ≤ 32 
-16 ≤ h ≤ 16, -18 ≤ k ≤ 
18, -23 ≤ l ≤ 23 
 
Reflections collected 192251 70618  
Independent 
reflections 
36082 [R(int) = 
0.0303] 




theta = 27.52° 







Max. and min. 
transmission 
0.7456 and 0.7010 0.7456 and 0.6488  
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
 
Data / restraints / 
parameters 
36082 / 64 / 1391 13001 / 238 / 596  
Goodness-of-fit on F2 1.045 1.104  
Final R indices 
[I>2sigma(I)] 
R1 = 0.0589, wR2 = 
0.1276 
R1 = 0.0258, wR2 = 
0.0615 
 
R indices (all data) 
R1 = 0.0690, wR2 = 
0.1363 
R1 = 0.0276, wR2 = 
0.0633 
 
Largest diff. peak and 5.677 and -2.889 e.Å-3 1.315 and -0.705 e.Å-3  
 
 





Table 4.7.2 Bond lengths of 4.2-N (Å). 
Ce1-N5  2.3577(19) Ce1-N4  2.357(2) Ce1-N2  2.4578(19) 
Ce1-N1  2.4679(19) Ce1-C1  2.9167(16) Ce1-Si4  3.3751(7) 
Ce1-Si5  3.4440(7) Ce1-Si6  3.4828(7) N1-C1  1.337(3) 
N1-C2  1.454(3) N2-C1  1.331(3) N2-C5  1.465(3) 
N3-C1  1.436(2) N3-Si2  1.757(2) N3-Si1  1.762(2) 
N4-Si4  1.702(2) N4-Si3  1.709(2) N5-Si5  1.697(2) 
N5-Si6  1.706(2) Si1-C8  1.858(3) Si1-C9  1.859(3) 
Si1-C10  1.872(3) Si2-C11  1.857(3) Si2-C13  1.862(3) 
Si2-C12  1.869(3) Si3-C16  1.867(3) Si3-C15  1.876(3) 
Si3-C14  1.885(3) Si4-C19  1.864(3) Si4-C18  1.869(3) 
Si4-C17  1.890(3) Si5-C21  1.869(3) Si5-C20  1.874(3) 
Si5-C22  1.879(3) Si6-C24  1.876(3) Si6-C23  1.879(3) 
Si6-C25  1.879(3) C2-C3  1.517(3) C2-C4  1.528(3) 
C5-C7  1.515(3) C5-C6  1.536(3)   
 
Table 4.7.3 Bond angles of 4.2-N (°). 
N5-Ce1-N4 115.65(5) N5-Ce1-N2 104.04(6) 
N5-Ce1-N1 134.34(7) N4-Ce1-N1 106.04(7) 
N5-Ce1-C1 122.00(7) N4-Ce1-C1 122.16(7) 
N1-Ce1-C1 27.14(6) N5-Ce1-Si4 100.90(5) 
N2-Ce1-Si4 155.00(5) N1-Ce1-Si4 107.86(5) 
N5-Ce1-Si5 26.46(5) N4-Ce1-Si5 99.28(5) 
N1-Ce1-Si5 154.54(5) C1-Ce1-Si5 131.27(6) 
N5-Ce1-Si6 25.86(5) N4-Ce1-Si6 128.02(5) 
N1-Ce1-Si6 110.81(5) C1-Ce1-Si6 106.89(5) 
Si5-Ce1-Si6 52.317(16) C1-N1-C2 123.29(19) 
C2-N1-Ce1 139.91(15) C1-N2-C5 123.21(19) 
C5-N2-Ce1 139.63(15) C1-N3-Si2 119.46(16) 
Si2-N3-Si1 121.34(8) Si4-N4-Si3 128.13(12) 
Si3-N4-Ce1 120.39(10) Si5-N5-Si6 127.62(12) 
Si6-N5-Ce1 117.07(10) N3-Si1-C8 109.17(12) 
C8-Si1-C9 108.58(14) N3-Si1-C10 113.09(12) 
C9-Si1-C10 108.18(16) N3-Si2-C11 109.71(10) 
C11-Si2-C13 108.39(13) N3-Si2-C12 109.30(11) 
C13-Si2-C12 106.54(13) N4-Si3-C16 113.71(11) 
C16-Si3-C15 106.51(12) N4-Si3-C14 107.95(11) 
C15-Si3-C14 107.81(13) N4-Si4-C19 114.12(12) 
C19-Si4-C18 107.60(13) N4-Si4-C17 107.38(11) 
C18-Si4-C17 105.32(13) N4-Si4-Ce1 40.55(7) 
C18-Si4-Ce1 129.67(9) C17-Si4-Ce1 67.04(9) 
N5-Si5-C20 114.07(11) C21-Si5-C20 108.02(13) 
C21-Si5-C22 108.07(14) C20-Si5-C22 105.21(13) 
C21-Si5-Ce1 124.88(9) C20-Si5-Ce1 126.14(10) 
N5-Si6-C24 113.79(11) N5-Si6-C23 106.89(11) 
N5-Si6-C25 114.29(11) C24-Si6-C25 107.10(13) 
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N5-Si6-Ce1 37.07(6) C24-Si6-Ce1 127.37(9) 
C25-Si6-Ce1 124.33(9) N2-C1-N1 114.30(15) 
N1-C1-N3 122.9(2) N2-C1-Ce1 56.92(10) 
N3-C1-Ce1 177.73(17) N1-C2-C3 110.7(2) 
C3-C2-C4 110.2(2) N2-C5-C7 109.2(2) 
C7-C5-C6 109.3(2) C11-Si2-C12 109.61(13) 
N4-Ce1-N2 132.42(7) N4-Si3-C15 113.48(11) 
N2-Ce1-N1 54.13(5) C16-Si3-C14 107.06(13) 
N2-Ce1-C1 26.98(6) N4-Si4-C18 114.89(11) 
N4-Ce1-Si4 28.00(5) C19-Si4-C17 106.89(14) 
C1-Ce1-Si4 132.92(6) C19-Si4-Ce1 122.42(9) 
N2-Ce1-Si5 105.79(5) N5-Si5-C21 113.22(12) 
Si4-Ce1-Si5 95.747(13) N5-Si5-C22 107.80(11) 
N2-Ce1-Si6 99.09(5) N5-Si5-Ce1 38.24(7) 
Si4-Ce1-Si6 104.145(17) C22-Si5-Ce1 69.59(9) 
C1-N1-Ce1 95.48(13) C24-Si6-C23 107.42(13) 
C1-N2-Ce1 96.09(13) C23-Si6-C25 106.95(13) 
C1-N3-Si1 119.19(16) C23-Si6-Ce1 69.86(9) 
Si4-N4-Ce1 111.45(10) N2-C1-N3 122.8(2) 
Si5-N5-Ce1 115.30(10) N1-C1-Ce1 57.38(10) 
N3-Si1-C9 109.65(12) N1-C2-C4 109.5(2) 
C8-Si1-C10 108.08(15) N2-C5-C6 109.7(2) 
N3-Si2-C13 113.21(12)   
 
Table 4.7.4 Bond lengths of 4.2-N' (Å). 
Ce1-N1  2.3569(9) Ce1-N2  2.3586(9) Ce1-N3  2.4472(9) 
Ce1-N4  2.4651(9) Ce1-C1  2.9032(11) Ce1-Si2  3.3891(3) 
Ce1-Si4  3.4426(3) Ce1-Si3  3.4825(3) N1-Si2  1.7068(10) 
N1-Si1  1.7088(10) N2-Si4  1.7014(10) N2-Si3  1.7055(10) 
N3-C1  1.3399(14) N3-C14  1.4651(14) N4-C1  1.3335(14) 
N4-C20  1.4630(14) N5-C1  1.4311(14) N5-Si5  1.7574(10) 
N5-Si6  1.7601(10) Si1-C2  1.8710(14) Si1-C4  1.8765(13) 
Si1-C3  1.8771(14) Si2-C5  1.8710(13) Si2-C6  1.8724(13) 
Si2-C7  1.8888(13) Si3-C10  1.8684(13) Si3-C8  1.8741(13) 
Si3-C9  1.8771(13) Si4-C11  1.8692(14) Si4-C13  1.8739(14) 
Si4-C12  1.8865(13) Si5-C28  1.8551(14) Si5-C26  1.8624(15) 
Si5-C27  1.8669(14) Si6-C29  1.8569(13) Si6-C31  1.8621(14) 
Si6-C30  1.8692(14) C14-C19  1.5262(15) C14-C15  1.5285(16) 
C15-C16  1.5306(17) C16-C17  1.5265(19) C17-C18  1.5215(18) 
C18-C19  1.5314(16) C20-C21  1.5302(15) C20-C25  1.5298(15) 
C21-C22  1.5309(16) C22-C23  1.5248(17) C23-C24  1.5196(18) 
C24-C25  1.5297(16)     
 
 
Table 4.7.5 Bond angles of 4.2-N' (°). 
N1-Ce1-N2 121.53(3) N1-Ce1-N3 124.79(3) 
N1-Ce1-N4 104.79(3) N2-Ce1-N4 128.40(3) 
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N1-Ce1-C1 117.83(3) N2-Ce1-C1 120.61(3) 
N4-Ce1-C1 27.23(3) N1-Ce1-Si2 27.83(2) 
N3-Ce1-Si2 146.79(2) N4-Ce1-Si2 104.51(2) 
N1-Ce1-Si4 104.64(2) N2-Ce1-Si4 26.61(2) 
N4-Ce1-Si4 150.55(2) C1-Ce1-Si4 131.31(2) 
N1-Ce1-Si3 134.03(2) N2-Ce1-Si3 25.86(2) 
N4-Ce1-Si3 104.16(2) C1-Ce1-Si3 104.06(2) 
Si4-Ce1-Si3 52.450(8) Si2-N1-Si1 127.13(6) 
Si1-N1-Ce1 120.39(5) Si4-N2-Si3 127.88(6) 
Si3-N2-Ce1 117.03(5) C1-N3-C14 122.32(9) 
C14-N3-Ce1 140.27(7) C1-N4-C20 122.36(9) 
C20-N4-Ce1 141.92(7) C1-N5-Si5 119.17(7) 
Si5-N5-Si6 122.67(5) N1-Si1-C2 113.82(6) 
C2-Si1-C4 106.70(7) N1-Si1-C3 113.85(6) 
C4-Si1-C3 107.14(6) N1-Si2-C5 114.95(6) 
C5-Si2-C6 108.36(6) N1-Si2-C7 107.21(5) 
C6-Si2-C7 105.91(6) N1-Si2-Ce1 40.14(3) 
C6-Si2-Ce1 122.69(4) C7-Si2-Ce1 67.11(4) 
N2-Si3-C8 114.26(6) C10-Si3-C8 108.10(6) 
C10-Si3-C9 106.65(6) C8-Si3-C9 107.47(6) 
C10-Si3-Ce1 128.75(4) C8-Si3-Ce1 121.99(4) 
N2-Si4-C11 113.81(6) N2-Si4-C13 114.30(6) 
N2-Si4-C12 106.34(5) C11-Si4-C12 108.00(7) 
N2-Si4-Ce1 38.38(3) C11-Si4-Ce1 129.89(5) 
C12-Si4-Ce1 68.17(4) N5-Si5-C28 110.26(5) 
C28-Si5-C26 109.45(8) N5-Si5-C27 112.44(6) 
C26-Si5-C27 106.81(7) N5-Si6-C29 110.14(5) 
C29-Si6-C31 108.60(7) N5-Si6-C30 112.00(6) 
C31-Si6-C30 107.64(7) N4-C1-N3 114.78(10) 
N3-C1-N5 122.47(10) N4-C1-Ce1 57.77(6) 
N5-C1-Ce1 179.47(8) N3-C14-C19 111.20(9) 
C19-C14-C15 109.56(10) C14-C15-C16 112.42(10) 
C18-C17-C16 110.45(11) C17-C18-C19 111.17(10) 
N4-C20-C21 110.05(9) N4-C20-C25 110.62(9) 
C20-C21-C22 112.08(10) C23-C22-C21 111.10(10) 
C23-C24-C25 111.28(11) C24-C25-C20 112.24(10) 
N2-Ce1-N3 106.71(3) C11-Si4-C13 106.71(7) 
N3-Ce1-N4 54.57(3) C13-Si4-C12 107.35(6) 
N3-Ce1-C1 27.34(3) C13-Si4-Ce1 122.41(5) 
N2-Ce1-Si2 106.42(2) N5-Si5-C26 110.09(6) 
C1-Ce1-Si2 127.77(2) C28-Si5-C27 107.67(7) 
N3-Ce1-Si4 107.69(2) N5-Si6-C31 110.45(6) 
Si2-Ce1-Si4 100.908(9) C29-Si6-C30 107.89(6) 
N3-Ce1-Si3 101.09(2) N4-C1-N5 122.75(10) 
Si2-Ce1-Si3 109.698(8) N3-C1-Ce1 57.02(6) 
Si2-N1-Ce1 112.03(5) N3-C14-C15 109.74(9) 
Si4-N2-Ce1 115.02(5) C17-C16-C15 111.11(11) 
C1-N3-Ce1 95.64(7) C14-C19-C18 111.33(9) 
C1-N4-Ce1 95.00(7) C21-C20-C25 109.40(9) 
C1-N5-Si6 118.14(7) C24-C23-C22 110.51(11) 
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N1-Si1-C4 107.94(5) N2-Si3-C10 113.40(6) 
C2-Si1-C3 106.98(7) N2-Si3-C9 106.53(5) 
N1-Si2-C6 113.11(5) N2-Si3-Ce1 37.10(3) 
C5-Si2-C7 106.72(6) C9-Si3-Ce1 69.69(4) 
C5-Si2-Ce1 128.53(4)   
 
Table 4.7.6 Bond lengths of 4.2-OAr (Å). 
Ce1-O2  2.153(4) Ce1-O1  2.182(4) Ce1-N2  2.435(5) 
Ce1-N1  2.439(5) Si1-N3  1.744(6) Si1-C38  1.867(7) 
Si1-C37  1.870(7) Si1-C36  1.874(8) Si2-N3  1.766(6) 
Si2-C39  1.833(7) Si2-C40  1.858(7) Si2-C41  1.860(7) 
O1-C1  1.351(8) O2-C15  1.341(7) N1-C32  1.333(8) 
N1-C29  1.455(7) N2-C32  1.326(7) N2-C33  1.459(7) 
N3-C32  1.445(5) C1-C2  1.407(8) C1-C6  1.420(8) 
C2-C3  1.403(10) C2-C7  1.532(9) C3-C4  1.374(10) 
C4-C5  1.376(9) C5-C6  1.410(9) C6-C11  1.523(9) 
C7-C10  1.535(10) C7-C8  1.539(9) C7-C9  1.555(10) 
C11-C14  1.529(9) C11-C13  1.536(9) C11-C12  1.549(9) 
C15-C20  1.411(8) C15-C16  1.424(8) C16-C17  1.376(9) 
C16-C21  1.538(8) C17-C18  1.380(9) C18-C19  1.398(9) 
C19-C20  1.383(9) C20-C25  1.546(8) C21-C22  1.522(9) 
C21-C23  1.534(10) C21-C24  1.541(8) C25-C27  1.522(9) 
C25-C28  1.534(9) C25-C26  1.546(10) C29-C30  1.520(9) 
C29-C31  1.534(10) C33-C35  1.523(10) C33-C34  1.542(8) 
 
Table 4.7.7 Bond angles of 4.2-OAr (°). 
O2-Ce1-O1 108.36(12) O2-Ce1-N2 111.67(18) 
O2-Ce1-N1 131.09(18) O1-Ce1-N1 113.25(17) 
N3-Si1-C38 108.6(3) N3-Si1-C37 112.7(3) 
N3-Si1-C36 109.0(3) C38-Si1-C36 110.0(4) 
N3-Si2-C39 108.5(3) N3-Si2-C40 112.6(3) 
N3-Si2-C41 111.6(3) C39-Si2-C41 107.8(3) 
C1-O1-Ce1 171.1(4) C15-O2-Ce1 165.6(4) 
C32-N1-Ce1 95.1(3) C29-N1-Ce1 139.4(4) 
C32-N2-Ce1 95.5(3) C33-N2-Ce1 139.4(4) 
C32-N3-Si2 119.1(5) Si1-N3-Si2 123.6(2) 
O1-C1-C6 118.9(5) C2-C1-C6 121.0(6) 
C3-C2-C7 120.6(6) C1-C2-C7 121.2(6) 
C3-C4-C5 119.6(6) C4-C5-C6 122.0(6) 
C5-C6-C11 120.5(6) C1-C6-C11 122.1(6) 
C2-C7-C8 111.8(6) C10-C7-C8 106.9(5) 
C10-C7-C9 107.7(6) C8-C7-C9 109.4(6) 
C6-C11-C13 109.7(5) C14-C11-C13 107.0(6) 
C14-C11-C12 105.6(5) C13-C11-C12 110.0(6) 
O2-C15-C16 119.4(5) C20-C15-C16 121.7(6) 
C17-C16-C21 121.0(5) C15-C16-C21 121.8(5) 
C17-C18-C19 119.5(6) C20-C19-C18 121.1(6) 
C19-C20-C25 120.4(6) C15-C20-C25 121.5(6) 
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C22-C21-C16 110.5(5) C23-C21-C16 110.9(5) 
C23-C21-C24 105.7(6) C16-C21-C24 111.8(5) 
C27-C25-C20 110.3(5) C28-C25-C20 113.0(5) 
C28-C25-C26 106.0(5) C20-C25-C26 109.7(6) 
N1-C29-C31 109.6(5) C30-C29-C31 109.4(5) 
N2-C32-N3 122.7(5) N1-C32-N3 122.6(5) 
N2-C33-C34 109.0(5) C35-C33-C34 109.7(5) 
O1-Ce1-N2 131.10(17) C5-C6-C1 117.4(6) 
N2-Ce1-N1 54.68(12) C2-C7-C10 112.0(6) 
C38-Si1-C37 106.7(3) C2-C7-C9 108.9(5) 
C37-Si1-C36 109.9(4) C6-C11-C14 112.4(6) 
C39-Si2-C40 109.8(3) C6-C11-C12 111.9(5) 
C40-Si2-C41 106.4(3) O2-C15-C20 118.9(5) 
C32-N1-C29 124.2(5) C17-C16-C15 117.1(5) 
C32-N2-C33 123.8(5) C16-C17-C18 122.5(6) 
C32-N3-Si1 117.3(5) C19-C20-C15 118.0(5) 
O1-C1-C2 120.1(5) C22-C21-C23 111.4(6) 
C3-C2-C1 118.2(6) C22-C21-C24 106.4(5) 
C4-C3-C2 121.8(6) C27-C25-C28 105.7(6) 
N2-C32-N1 114.7(4) C27-C25-C26 112.0(6) 
N2-C33-C35 110.1(5) N1-C29-C30 109.7(5) 
 
Table 4.7.8 Bond lengths of 4.3-I (Å). 
Ce1-N2  2.416(2) Ce1-N5  2.418(2) Ce1-N4  2.479(2) 
Ce1-N1  2.505(2) Ce1-C14  2.891(2) Ce1-C1  2.900(2) 
Ce1-I1  3.2643(4) Ce1-I1#1  3.2875(3) I1-Ce1#1  3.2875(3) 
Si1-N3  1.754(2) Si1-C8  1.857(3) Si1-C9  1.864(3) 
Si1-C10  1.866(3) Si2-N3  1.758(2) Si2-C11  1.858(4) 
Si2-C13  1.861(4) Si2-C12  1.867(4) Si3-N6  1.758(2) 
Si3-C21  1.856(3) Si3-C22  1.859(3) Si3-C23  1.870(3) 
Si4-N6  1.756(2) Si4-C24  1.856(3) Si4-C25  1.860(3) 
Si4-C26  1.864(3) N1-C1  1.326(3) N1-C2  1.463(3) 
N2-C1  1.333(3) N2-C5  1.455(3) N3-C1  1.433(3) 
N4-C14  1.328(3) N4-C15  1.462(3) N5-C14  1.336(3) 
N5-C18  1.460(3) N6-C14  1.431(3) C2-C4  1.515(4) 
C2-C3  1.522(4) C5-C7  1.526(4) C5-C6  1.529(4) 
C15-C17  1.521(4) C15-C16  1.522(4) C18-C20  1.526(4) 
C18-C19  1.528(4) C27-C28  1.5311 C28-C29  1.5331 
C29-C30  1.5332 C30-C31  1.5311   
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z+1      
Table 4.7.9 Bond angles of 4.3-I (°). 
N2-Ce1-N5 106.92(7) N2-Ce1-N4 104.66(7) 
N2-Ce1-N1 54.04(7) N5-Ce1-N1 98.34(7) 
N2-Ce1-C14 109.61(7) N5-Ce1-C14 27.33(7) 
N1-Ce1-C14 122.71(7) N2-Ce1-C1 27.14(7) 
N4-Ce1-C1 127.67(7) N1-Ce1-C1 27.17(7) 
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N2-Ce1-I1 148.27(5) N5-Ce1-I1 95.73(5) 
N1-Ce1-I1 101.61(5) C14-Ce1-I1 100.75(5) 
N2-Ce1-I1#1 93.09(5) N5-Ce1-I1#1 145.99(5) 
N1-Ce1-I1#1 115.65(5) C14-Ce1-I1#1 120.05(5) 
I1-Ce1-I1#1 79.124(8) Ce1-I1-Ce1#1 100.876(8) 
N3-Si1-C9 113.69(13) C8-Si1-C9 109.54(15) 
C8-Si1-C10 108.95(16) C9-Si1-C10 106.03(16) 
N3-Si2-C13 113.31(17) C11-Si2-C13 109.0(2) 
C11-Si2-C12 108.19(19) C13-Si2-C12 107.8(2) 
N6-Si3-C22 109.73(13) C21-Si3-C22 108.98(15) 
C21-Si3-C23 108.37(15) C22-Si3-C23 107.92(17) 
N6-Si4-C25 109.87(12) C24-Si4-C25 108.51(15) 
C24-Si4-C26 109.39(15) C25-Si4-C26 106.65(14) 
C1-N1-Ce1 93.24(15) C2-N1-Ce1 143.10(17) 
C1-N2-Ce1 97.12(15) C5-N2-Ce1 139.82(16) 
C1-N3-Si2 116.59(16) Si1-N3-Si2 122.80(12) 
C14-N4-Ce1 93.88(15) C15-N4-Ce1 142.83(15) 
C14-N5-Ce1 96.45(14) C18-N5-Ce1 140.70(16) 
C14-N6-Si3 117.64(16) Si4-N6-Si3 123.72(12) 
N1-C1-N3 123.3(2) N2-C1-N3 122.1(2) 
N2-C1-Ce1 55.74(12) N3-C1-Ce1 168.66(16) 
N1-C2-C3 110.5(2) C4-C2-C3 110.4(3) 
N2-C5-C6 109.2(2) C7-C5-C6 110.0(2) 
N4-C14-N6 123.0(2) N5-C14-N6 122.2(2) 
N5-C14-Ce1 56.22(12) N6-C14-Ce1 173.52(16) 
N4-C15-C16 110.4(2) C17-C15-C16 109.1(2) 
N5-C18-C19 109.2(2) C20-C18-C19 110.3(2) 
C28-C29-C30 113.8 C31-C30-C29 113.3 
N5-Ce1-N4 54.50(7) N6-Si4-C24 109.27(12) 
N4-Ce1-N1 142.09(7) N6-Si4-C26 113.03(13) 
N4-Ce1-C14 27.28(6) C1-N1-C2 121.8(2) 
N5-Ce1-C1 106.92(7) C1-N2-C5 123.1(2) 
C14-Ce1-C1 122.14(7) C1-N3-Si1 120.61(17) 
N4-Ce1-I1 106.57(5) C14-N4-C15 122.2(2) 
C1-Ce1-I1 124.86(5) C14-N5-C18 122.8(2) 
N4-Ce1-I1#1 94.40(5) C14-N6-Si4 118.64(16) 
C1-Ce1-I1#1 103.34(5) N1-C1-N2 114.5(2) 
N3-Si1-C8 109.36(12) N1-C1-Ce1 59.60(13) 
N3-Si1-C10 109.13(14) N1-C2-C4 109.3(2) 
N3-Si2-C11 108.82(14) N2-C5-C7 110.8(2) 
N3-Si2-C12 109.68(14) N4-C14-N5 114.7(2) 
N6-Si3-C21 109.33(12) N4-C14-Ce1 58.84(13) 
N6-Si3-C23 112.44(13) N4-C15-C17 110.0(2) 
C27-C28-C29 113.3 N5-C18-C20 110.0(2) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z+1      
Table 4.7.10 Bond lengths of 4.3-N (Å). 
Ce1-N1  2.3671(10) Ce1-N2  2.4746(10) Ce1-N6  2.4799(10) 
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Ce1-N3  2.5003(11) Ce1-N5  2.5040(10) Ce1-C20  2.9348(12) 
Ce1-C7  2.9406(12) Ce1-Si2  3.4826(4) Si1-N1  1.7049(11) 
Si1-C2  1.8726(15) Si1-C3  1.8745(15) Si1-C1  1.8755(15) 
Si2-N1  1.7049(11) Si2-C6  1.8699(17) Si2-C5  1.8756(17) 
Si2-C4  1.8776(15) Si3-N4  1.7562(11) Si3-C14  1.8609(16) 
Si3-C15  1.8676(15) Si3-C16  1.8686(15) Si4-N4  1.7561(12) 
Si4-C17  1.8607(17) Si4-C18  1.8654(17) Si4-C19  1.8709(19) 
Si5-N7  1.7586(11) Si5-C27  1.8643(14) Si5-C28  1.8656(14) 
Si5-C29  1.8759(14) Si6-N7  1.7539(11) Si6-C30  1.8551(15) 
Si6-C32  1.8614(14) Si6-C31  1.8683(15) N2-C7  1.3343(16) 
N2-C8  1.4633(16) N3-C7  1.3328(17) N3-C11  1.4575(17) 
N4-C7  1.4392(15) N5-C20  1.3293(16) N5-C21  1.4649(15) 
N6-C20  1.3370(15) N6-C24  1.4636(16) N7-C20  1.4415(15) 
C8-C10  1.523(2) C8-C9  1.525(2) C11-C13  1.521(2) 
C11-C12  1.529(2) C21-C23  1.5231(19) C21-C22  1.5251(19) 
C24-C26  1.5206(19) C24-C25  1.5234(19)   
 
Table 4.7.11 Bond angles of 4.3-N (°). 
N1-Ce1-N2 122.78(4) N1-Ce1-N6 123.92(4) 
N1-Ce1-N3 107.33(4) N2-Ce1-N3 53.62(3) 
N1-Ce1-N5 106.23(4) N2-Ce1-N5 104.30(3) 
N3-Ce1-N5 146.31(4) N1-Ce1-C20 116.98(3) 
N6-Ce1-C20 26.95(3) N3-Ce1-C20 130.15(4) 
N1-Ce1-C7 117.82(4) N2-Ce1-C7 26.80(3) 
N3-Ce1-C7 26.83(4) N5-Ce1-C7 127.32(3) 
N1-Ce1-Si2 25.95(3) N2-Ce1-Si2 141.51(3) 
N3-Ce1-Si2 103.85(3) N5-Ce1-Si2 107.56(3) 
C7-Ce1-Si2 124.78(3) N1-Si1-C2 113.61(6) 
C2-Si1-C3 108.21(7) N1-Si1-C1 108.00(6) 
C3-Si1-C1 107.30(7) N1-Si2-C6 113.94(7) 
C6-Si2-C5 107.40(9) N1-Si2-C4 107.49(6) 
C5-Si2-C4 108.11(8) N1-Si2-Ce1 37.41(4) 
C5-Si2-Ce1 129.53(7) C4-Si2-Ce1 70.21(5) 
N4-Si3-C15 113.47(6) C14-Si3-C15 108.83(8) 
C14-Si3-C16 108.75(8) C15-Si3-C16 107.73(7) 
N4-Si4-C18 109.43(7) C17-Si4-C18 108.30(8) 
C17-Si4-C19 109.45(9) C18-Si4-C19 106.56(9) 
N7-Si5-C28 110.22(6) C27-Si5-C28 109.11(7) 
C27-Si5-C29 107.80(7) C28-Si5-C29 107.86(7) 
N7-Si6-C32 108.99(6) C30-Si6-C32 109.05(7) 
C30-Si6-C31 108.52(8) C32-Si6-C31 106.53(7) 
Si1-N1-Ce1 119.04(5) Si2-N1-Ce1 116.64(5) 
C7-N2-Ce1 96.46(8) C8-N2-Ce1 138.10(8) 
C7-N3-Ce1 95.33(8) C11-N3-Ce1 140.23(9) 
C7-N4-Si3 117.70(9) Si4-N4-Si3 121.93(6) 
C20-N5-Ce1 94.97(7) C21-N5-Ce1 141.04(8) 
C20-N6-Ce1 95.85(7) C24-N6-Ce1 141.87(8) 
C20-N7-Si5 117.17(8) Si6-N7-Si5 123.15(6) 
N3-C7-N4 122.82(11) N2-C7-N4 122.58(11) 
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N2-C7-Ce1 56.74(6) N4-C7-Ce1 177.80(9) 
N2-C8-C9 108.54(11) C10-C8-C9 109.80(12) 
N3-C11-C12 109.58(13) C13-C11-C12 110.34(15) 
N5-C20-N7 122.64(10) N6-C20-N7 122.04(11) 
N6-C20-Ce1 57.20(6) N7-C20-Ce1 175.13(8) 
N5-C21-C22 109.91(10) C23-C21-C22 109.92(11) 
N6-C24-C25 109.35(11) C26-C24-C25 109.65(11) 
N2-Ce1-N6 113.21(4) N7-Si6-C30 109.94(6) 
N6-Ce1-N3 107.50(4) N7-Si6-C31 113.68(6) 
N6-Ce1-N5 53.74(3) Si1-N1-Si2 124.32(6) 
N2-Ce1-C20 112.09(3) C7-N2-C8 123.21(11) 
N5-Ce1-C20 26.82(3) C7-N3-C11 122.93(11) 
N6-Ce1-C7 113.15(3) C7-N4-Si4 120.37(9) 
C20-Ce1-C7 125.10(3) C20-N5-C21 122.56(10) 
N6-Ce1-Si2 102.93(3) C20-N6-C24 121.50(10) 
C20-Ce1-Si2 106.08(2) C20-N7-Si6 119.66(8) 
N1-Si1-C3 113.23(6) N3-C7-N2 114.57(11) 
C2-Si1-C1 106.07(7) N3-C7-Ce1 57.84(6) 
N1-Si2-C5 113.75(7) N2-C8-C10 110.75(11) 
C6-Si2-C4 105.72(7) N3-C11-C13 109.76(13) 
C6-Si2-Ce1 121.87(6) N5-C20-N6 115.29(10) 
N4-Si3-C14 109.25(6) N5-C20-Ce1 58.21(6) 
N4-Si3-C16 108.71(7) N5-C21-C23 110.04(11) 
N4-Si4-C17 108.80(7) N6-C24-C26 111.74(11) 
N4-Si4-C19 114.14(8) N7-Si5-C29 112.56(6) 
N7-Si5-C27 109.21(6)   
 
Table 4.7.12 Bond lengths of 4.3-OAr (Å). 
Ce1-O1  2.1994(9) Ce1-N5  2.4418(11) Ce1-N1  2.4695(10) 
Ce1-N4  2.5011(11) Ce1-N2  2.5249(10) Ce1-C14  2.9166(12) 
Ce1-C1  2.9386(12) Si1-N3  1.7552(11) Si1-C8  1.8525(18) 
Si1-C10  1.8606(19) Si1-C9  1.8631(17) Si2-N3  1.7575(11) 
Si2-C13  1.8645(15) Si2-C12  1.8631(17) Si2-C11  1.8706(17) 
Si3-N6  1.7544(11) Si3-C21  1.8529(15) Si3-C23  1.8670(15) 
Si3-C22  1.8701(16) Si4-N6  1.7571(11) Si4-C26  1.8606(15) 
Si4-C25  1.8676(15) Si4-C24  1.8692(15) O1-C27  1.3439(15) 
N1-C1  1.3351(17) N1-C2  1.4625(16) N2-C1  1.3351(16) 
N2-C5  1.4633(16) N3-C1  1.4412(15) N4-C14  1.3320(16) 
N4-C15  1.4671(16) N5-C14  1.3356(16) N5-C18  1.4592(16) 
N6-C14  1.4388(15) C2-C4  1.517(2) C2-C3  1.522(2) 
C5-C7  1.522(2) C5-C6  1.523(2) C15-C16  1.521(2) 
C15-C17  1.532(2) C18-C19  1.5220(18) C18-C20  1.5230(18) 
C27-C28  1.4214(19) C27-C32  1.4224(18) C28-C29  1.3943(18) 
C28-C33  1.5394(18) C29-C30  1.384(2) C30-C31  1.380(2) 
C31-C32  1.3988(18) C32-C37  1.5392(19) C33-C36  1.538(2) 
C33-C34  1.5390(19) C33-C35  1.5411(18) C37-C38  1.5361(19) 
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Table 4.7.13 Bond angles of 4.3-OAr (°). 
O1-Ce1-N5 120.47(4) O1-Ce1-N1 125.48(4) 
O1-Ce1-N4 105.94(4) N5-Ce1-N4 54.14(3) 
O1-Ce1-N2 107.59(3) N5-Ce1-N2 103.33(4) 
N4-Ce1-N2 146.15(4) O1-Ce1-C14 116.50(3) 
N1-Ce1-C14 113.32(3) N4-Ce1-C14 27.10(3) 
O1-Ce1-C1 119.72(3) N5-Ce1-C1 110.85(3) 
N4-Ce1-C1 129.79(4) N2-Ce1-C1 26.95(3) 
N3-Si1-C8 109.70(7) N3-Si1-C10 113.35(7) 
N3-Si1-C9 109.62(7) C8-Si1-C9 108.66(9) 
N3-Si2-C13 109.27(6) N3-Si2-C12 109.41(7) 
N3-Si2-C11 113.00(7) C13-Si2-C11 107.79(8) 
N6-Si3-C21 109.06(6) N6-Si3-C23 109.37(6) 
N6-Si3-C22 114.24(6) C21-Si3-C22 108.36(8) 
N6-Si4-C26 110.02(6) N6-Si4-C25 111.37(6) 
N6-Si4-C24 109.97(6) C26-Si4-C24 108.97(7) 
C27-O1-Ce1 174.13(9) C1-N1-C2 122.61(11) 
C2-N1-Ce1 140.75(8) C1-N2-C5 121.88(10) 
C5-N2-Ce1 143.63(8) C1-N3-Si1 120.34(8) 
Si1-N3-Si2 122.95(6) C14-N4-C15 122.14(11) 
C15-N4-Ce1 143.29(8) C14-N5-C18 122.83(11) 
C18-N5-Ce1 140.48(8) C14-N6-Si3 120.14(8) 
Si3-N6-Si4 122.75(6) N1-C1-N2 115.58(11) 
N2-C1-N3 122.05(11) N1-C1-Ce1 56.60(6) 
N3-C1-Ce1 178.23(9) N1-C2-C4 109.36(11) 
C4-C2-C3 109.42(13) N2-C5-C7 109.80(11) 
C7-C5-C6 108.98(13) N4-C14-N5 115.03(11) 
N5-C14-N6 122.06(11) N4-C14-Ce1 58.80(6) 
N6-C14-Ce1 176.74(8) N4-C15-C16 110.98(11) 
C16-C15-C17 109.71(12) N5-C18-C19 110.85(11) 
C19-C18-C20 109.97(11) O1-C27-C28 119.88(11) 
C28-C27-C32 120.40(11) C29-C28-C27 118.31(12) 
C27-C28-C33 121.27(11) C30-C29-C28 121.74(13) 
C30-C31-C32 121.92(13) C31-C32-C27 118.00(12) 
C27-C32-C37 121.28(11) C36-C33-C28 112.43(11) 
C28-C33-C34 110.69(11) C36-C33-C35 106.33(11) 
C34-C33-C35 110.42(11) C38-C37-C40 106.40(13) 
C40-C37-C32 111.04(11) C38-C37-C39 106.50(12) 
C32-C37-C39 109.71(12) C14-N6-Si4 116.80(8) 
N5-Ce1-N1 113.92(4) N1-C1-N3 122.35(11) 
N1-Ce1-N4 108.24(4) N2-C1-Ce1 58.99(6) 
N1-Ce1-N2 53.78(4) N1-C2-C3 111.17(11) 
N5-Ce1-C14 27.05(3) N2-C5-C6 111.36(11) 
N2-Ce1-C14 126.28(3) N4-C14-N6 122.90(11) 
N1-Ce1-C1 26.83(4) N5-C14-Ce1 56.25(6) 
C14-Ce1-C1 123.56(3) N4-C15-C17 109.68(11) 
C8-Si1-C10 108.78(11) N5-C18-C20 109.14(11) 
C10-Si1-C9 106.59(10) O1-C27-C32 119.72(12) 
C13-Si2-C12 109.53(7) C29-C28-C33 120.42(12) 
C12-Si2-C11 107.78(8) C31-C30-C29 119.58(12) 
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C21-Si3-C23 109.36(7) C31-C32-C37 120.71(12) 
C23-Si3-C22 106.35(7) C36-C33-C34 106.60(12) 
C26-Si4-C25 107.42(8) C28-C33-C35 110.23(11) 
C25-Si4-C24 109.03(7) C38-C37-C32 112.28(12) 
C1-N1-Ce1 96.57(8) C40-C37-C39 110.78(12) 
C1-N2-Ce1 94.07(8) C14-N4-Ce1 94.10(8) 
C1-N3-Si2 116.70(8) C14-N5-Ce1 96.70(8) 
 
Table 4.7.14 Bond lengths of 4.4 (Å). 
Ce1-N8  2.494(4) Ce1-N7  2.523(3) Ce1-N5  2.523(4) 
Ce1-N4  2.526(3) Ce1-N2  2.533(4) Ce1-N1  2.557(4) 
Ce1-C27  2.951(4) Ce1-C14  2.962(4) Ce1-C1  2.983(4) 
Si1-N3  1.754(4) Si1-C8  1.831(6) Si1-C10  1.847(7) 
Si1-C9  1.856(7) Si2-N3  1.746(4) Si2-C11  1.819(7) 
Si2-C12  1.832(7) Si2-C13  1.857(8) Si3-N6  1.753(4) 
Si3-C22  1.820(8) Si3-C23  1.842(6) Si3-C21  1.876(9) 
Si4-N6  1.724(4) Si4-C26  1.838(6) Si4-C24  1.854(6) 
Si4-C25  1.855(7) Si5-N9  1.681(5) Si5-C35  1.801(8) 
Si5-C34  1.867(6) Si5-C36  1.881(7) Si6-N9  1.754(5) 
Si6-C37  1.834(8) Si6-C39  1.862(7) Si6-C38  1.878(6) 
N1-C1  1.334(6) N1-C2  1.478(6) N2-C1  1.333(6) 
N2-C5  1.460(5) N3-C1  1.443(6) N4-C14  1.330(6) 
N4-C15  1.462(5) N5-C14  1.335(5) N5-C18  1.456(6) 
N6-C14  1.441(5) N7-C27  1.331(6) N7-C28  1.462(5) 
N8-C27  1.331(6) N8-C31  1.468(6) N9-C27  1.439(6) 
C2-C3  1.513(9) C2-C4  1.522(9) C5-C6  1.505(6) 
C5-C7  1.509(7) C15-C17  1.486(7) C15-C16  1.503(8) 
C18-C20  1.519(7) C18-C19  1.529(7) C28-C29  1.507(9) 
C28-C30  1.513(8) C31-C32  1.517(9) C31-C33  1.517(8) 
 
Table 4.7.15 Bond angles of 4.4 (°). 
N8-Ce1-N7 53.29(12) N8-Ce1-N5 107.20(13) 
N8-Ce1-N4 98.70(11) N7-Ce1-N4 137.58(12) 
N8-Ce1-N2 143.21(12) N7-Ce1-N2 102.01(11) 
N4-Ce1-N2 115.68(11) N8-Ce1-N1 106.04(14) 
N5-Ce1-N1 143.72(13) N4-Ce1-N1 107.56(12) 
N8-Ce1-C27 26.64(12) N7-Ce1-C27 26.71(12) 
N4-Ce1-C27 120.67(12) N2-Ce1-C27 123.59(12) 
N8-Ce1-C14 104.65(12) N7-Ce1-C14 121.34(12) 
N4-Ce1-C14 26.55(11) N2-Ce1-C14 111.95(11) 
C27-Ce1-C14 116.85(12) N8-Ce1-C1 127.64(14) 
N5-Ce1-C1 125.11(12) N4-Ce1-C1 113.29(11) 
N1-Ce1-C1 26.47(12) C27-Ce1-C1 120.45(13) 
N3-Si1-C8 109.9(2) N3-Si1-C10 111.7(3) 
N3-Si1-C9 112.5(3) C8-Si1-C9 107.5(5) 
N3-Si2-C11 110.2(3) N3-Si2-C12 111.6(3) 
N3-Si2-C13 111.4(3) C11-Si2-C13 106.9(5) 
N6-Si3-C22 112.4(3) N6-Si3-C23 112.3(2) 
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N6-Si3-C21 107.1(3) C22-Si3-C21 111.1(6) 
N6-Si4-C26 111.9(3) N6-Si4-C24 109.8(2) 
N6-Si4-C25 110.1(3) C26-Si4-C25 107.4(4) 
N9-Si5-C35 112.0(3) N9-Si5-C34 107.9(3) 
N9-Si5-C36 112.4(3) C35-Si5-C36 106.9(3) 
N9-Si6-C37 108.6(3) N9-Si6-C39 110.9(3) 
N9-Si6-C38 111.5(3) C37-Si6-C38 110.7(4) 
C1-N1-C2 120.8(4) C1-N1-Ce1 94.9(3) 
C1-N2-C5 121.2(4) C1-N2-Ce1 96.0(3) 
C1-N3-Si2 118.9(3) C1-N3-Si1 118.0(3) 
C14-N4-C15 121.4(4) C14-N4-Ce1 95.3(2) 
C14-N5-C18 122.0(4) C14-N5-Ce1 95.3(3) 
C14-N6-Si4 120.0(3) C14-N6-Si3 116.3(3) 
C27-N7-C28 122.2(4) C27-N7-Ce1 94.9(3) 
C27-N8-C31 123.2(4) C27-N8-Ce1 96.2(3) 
C27-N9-Si5 120.1(4) C27-N9-Si6 119.1(4) 
N2-C1-N1 116.2(4) N2-C1-N3 122.1(4) 
N2-C1-Ce1 57.6(2) N1-C1-Ce1 58.6(2) 
N1-C2-C3 110.4(5) N1-C2-C4 110.5(5) 
N2-C5-C6 111.3(4) N2-C5-C7 111.0(4) 
N4-C14-N5 116.1(4) N4-C14-N6 121.9(4) 
N4-C14-Ce1 58.1(2) N5-C14-Ce1 58.0(2) 
N4-C15-C17 112.3(4) N4-C15-C16 109.3(4) 
N5-C18-C20 109.4(4) N5-C18-C19 110.6(4) 
N8-C27-N7 115.4(4) N8-C27-N9 121.9(4) 
N8-C27-Ce1 57.2(2) N7-C27-Ce1 58.4(2) 
N7-C28-C29 110.1(4) N7-C28-C30 110.0(4) 
N8-C31-C32 108.9(4) N8-C31-C33 110.3(5) 
N7-Ce1-N5 100.79(12) C34-Si5-C36 111.8(3) 
N5-Ce1-N4 53.20(11) C37-Si6-C39 108.2(4) 
N5-Ce1-N2 103.89(12) C39-Si6-C38 106.8(3) 
N7-Ce1-N1 110.55(14) C2-N1-Ce1 144.3(3) 
N2-Ce1-N1 52.82(12) C5-N2-Ce1 142.2(3) 
N5-Ce1-C27 106.99(13) Si2-N3-Si1 123.1(2) 
N1-Ce1-C27 109.23(14) C15-N4-Ce1 142.5(3) 
N5-Ce1-C14 26.65(11) C18-N5-Ce1 141.7(3) 
N1-Ce1-C14 128.11(13) Si4-N6-Si3 123.7(2) 
N7-Ce1-C1 109.12(12) C28-N7-Ce1 141.9(3) 
N2-Ce1-C1 26.38(11) C31-N8-Ce1 140.3(3) 
C14-Ce1-C1 122.67(11) Si5-N9-Si6 120.8(2) 
C8-Si1-C10 108.4(4) N1-C1-N3 121.8(4) 
C10-Si1-C9 106.6(4) N3-C1-Ce1 176.0(3) 
C11-Si2-C12 108.5(5) C3-C2-C4 110.2(6) 
C12-Si2-C13 108.1(5) C6-C5-C7 109.2(5) 
C22-Si3-C23 107.7(4) N5-C14-N6 121.9(4) 
C23-Si3-C21 106.1(4) N6-C14-Ce1 178.0(3) 
C26-Si4-C24 110.4(4) C17-C15-C16 106.8(6) 
C24-Si4-C25 107.0(4) C20-C18-C19 110.8(4) 
C35-Si5-C34 105.6(4) N7-C27-N9 122.7(4) 
C29-C28-C30 110.3(5) N9-C27-Ce1 175.5(4) 
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C32-C31-C33 109.8(5)   
 
Table 4.7.16 Bond lengths of 4.5 (Å). 
Ce1-N3  2.374(3) Ce1-N1  2.382(3) Ce1-N2  2.383(3) 
Ce1-Cl1  2.7611(9) Ce1-Si5  3.4394(11) Ce1-Si1  3.4856(10) 
Si1-N1  1.712(3) Si1-C3  1.873(4) Si1-C2  1.877(4) 
Si1-C1  1.897(4) Si2-N1  1.704(3) Si2-C6  1.872(4) 
Si2-C5  1.873(5) Si2-C4  1.889(5) Si3-N2  1.720(3) 
Si3-C7  1.877(4) Si3-C9  1.878(4) Si3-C8  1.880(4) 
Si4-N2  1.710(3) Si4-C10  1.862(5) Si4-C12  1.873(5) 
Si4-C11  1.881(6) Si5-N3  1.715(3) Si5-C13  1.872(4) 
Si5-C15  1.876(4) Si5-C14  1.881(4) Si6-N3  1.710(3) 
Si6-C18  1.867(5) Si6-C16  1.884(5) Si6-C17  1.894(4) 
Cl2-C27  1.761(5) Cl3-C27  1.734(5) N4-C25  1.517(5) 
N4-C21  1.519(5) N4-C23  1.520(4) N4-C19  1.524(5) 
C19-C20  1.507(6) C21-C22  1.507(6) C23-C24  1.521(5) 
C25-C26  1.514(6)     
 
Table 4.7.17 Bond angles of 4.5 (°). 
N3-Ce1-N1 112.05(11) N3-Ce1-N2 115.21(10) 
N3-Ce1-Cl1 107.54(8) N1-Ce1-Cl1 97.61(8) 
N3-Ce1-Si5 27.22(8) N1-Ce1-Si5 132.07(8) 
Cl1-Ce1-Si5 85.22(3) N3-Ce1-Si1 99.60(8) 
N2-Ce1-Si1 142.63(8) Cl1-Ce1-Si1 79.61(3) 
N1-Si1-C3 114.63(19) N1-Si1-C2 112.48(17) 
N1-Si1-C1 110.83(17) C3-Si1-C1 103.96(19) 
N1-Si1-Ce1 37.98(10) C3-Si1-Ce1 138.24(15) 
C1-Si1-Ce1 75.12(13) N1-Si2-C6 109.55(18) 
C6-Si2-C5 108.2(2) N1-Si2-C4 115.1(2) 
C5-Si2-C4 105.6(2) N2-Si3-C7 111.59(18) 
C7-Si3-C9 108.3(2) N2-Si3-C8 115.74(19) 
C9-Si3-C8 104.3(2) N2-Si4-C10 113.8(2) 
C10-Si4-C12 107.1(2) N2-Si4-C11 110.3(2) 
C12-Si4-C11 105.4(3) N3-Si5-C13 113.44(18) 
C13-Si5-C15 106.3(2) N3-Si5-C14 109.23(17) 
C15-Si5-C14 106.8(2) N3-Si5-Ce1 39.27(11) 
C15-Si5-Ce1 141.80(16) C14-Si5-Ce1 73.54(13) 
N3-Si6-C16 112.35(19) C18-Si6-C16 107.9(2) 
C18-Si6-C17 104.9(2) C16-Si6-C17 105.8(2) 
Si2-N1-Ce1 119.82(16) Si1-N1-Ce1 115.77(15) 
Si4-N2-Ce1 122.31(16) Si3-N2-Ce1 116.62(15) 
Si6-N3-Ce1 124.01(16) Si5-N3-Ce1 113.51(15) 
C25-N4-C21 108.6(3) C25-N4-C23 111.1(3) 
C25-N4-C19 109.1(3) C21-N4-C19 111.2(3) 
C20-C19-N4 115.1(3) C22-C21-N4 115.2(4) 
C26-C25-N4 115.1(3) C13-Si5-Ce1 110.04(15) 
N1-Ce1-N2 120.03(10) N3-Si6-C18 110.60(19) 
N2-Ce1-Cl1 101.18(8) N3-Si6-C17 114.78(19) 
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N2-Ce1-Si5 106.00(8) Si2-N1-Si1 124.34(18) 
N1-Ce1-Si1 26.24(8) Si4-N2-Si3 121.06(18) 
Si5-Ce1-Si1 111.27(3) Si6-N3-Si5 122.39(18) 
C3-Si1-C2 107.3(2) Cl3-C27-Cl2 111.9(3) 
C2-Si1-C1 107.1(2) C21-N4-C23 108.6(3) 
C2-Si1-Ce1 112.87(15) C23-N4-C19 108.3(3) 
N1-Si2-C5 112.6(2) N4-C23-C24 114.9(3) 
C6-Si2-C4 105.3(2) C10-Si4-C11 106.4(3) 
N2-Si3-C9 109.81(17) N3-Si5-C15 113.74(19) 
C7-Si3-C8 106.6(2) C13-Si5-C14 107.0(2) 
N2-Si4-C12 113.33(19)   
 
Table 4.7.18 Bond lengths of 4.6 (Å). 
Ce1-N2  2.428(4) Ce1-N3  2.434(3) Ce1-N4  2.450(3) 
Ce1-N1  2.457(4) Si1-N1  1.720(4) Si1-C2  1.869(5) 
Si1-C1  1.884(5) Si1-C3  1.890(5) Si2-N1  1.722(4) 
Si2-C6  1.871(5) Si2-C4  1.882(5) Si2-C5  1.888(6) 
Si3-N2  1.724(4) Si3-C9  1.865(5) Si3-C8  1.880(5) 
Si3-C7  1.890(5) Si4-N2  1.722(4) Si4-C10  1.867(5) 
Si4-C11  1.881(6) Si4-C12  1.888(5) Si5-N3  1.713(4) 
Si5-C13  1.874(5) Si5-C14  1.879(5) Si5-C15  1.884(5) 
Si6-N3  1.715(4) Si6-C16  1.876(5) Si6-C17  1.883(5) 
Si6-C18  1.901(5) Si7-N4  1.701(4) Si7-C19  1.864(5) 
Si7-C21  1.878(6) Si7-C20  1.880(6) Si8-N4  1.723(4) 
Si8-C22  1.879(5) Si8-C23  1.883(5) Si8-C24  1.887(5) 
K1-O8  2.675(4) K1-O7  2.713(4) K1-O5  2.787(3) 
K1-O3  2.792(3) K1-O6  2.793(3) K1-O2  2.811(3) 
K1-O1  2.818(4) K1-O4  2.832(3) O1-C25  1.419(6) 
O1-C36  1.422(6) O2-C27  1.409(6) O2-C26  1.427(6) 
O3-C29  1.408(6) O3-C28  1.430(6) O4-C31  1.416(6) 
O4-C30  1.421(6) O5-C32  1.420(6) O5-C33  1.422(6) 
O6-C34  1.417(6) O6-C35  1.419(6) O7-C40  1.392(8) 
O7-C37  1.440(8) O8-C41  1.396(8) O8-C44  1.417(7) 
C25-C26  1.500(7) C27-C28  1.508(7) C29-C30  1.523(7) 
C31-C32  1.492(8) C33-C34  1.499(7) C35-C36  1.488(7) 
C37-C38  1.466(9) C38-C39  1.489(10) C39-C40  1.488(10) 
C41-C42  1.519(9) C42-C43  1.524(8) C43-C44  1.494(9) 
 
Table 4.7.19 Bond angles of 4.6 (°). 
N2-Ce1-N3 112.16(12) N2-Ce1-N4 99.80(13) 
N2-Ce1-N1 115.49(13) N3-Ce1-N1 101.64(12) 
N1-Si1-C2 111.1(2) N1-Si1-C1 112.7(2) 
N1-Si1-C3 115.8(2) C2-Si1-C3 103.1(2) 
N1-Si2-C6 110.1(2) N1-Si2-C4 115.1(2) 
N1-Si2-C5 114.6(2) C6-Si2-C5 107.0(3) 
N2-Si3-C9 111.4(2) N2-Si3-C8 114.7(2) 
N2-Si3-C7 113.2(2) C9-Si3-C7 107.9(2) 
N2-Si4-C10 109.5(2) N2-Si4-C11 115.6(2) 
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N2-Si4-C12 114.7(2) C10-Si4-C12 107.1(3) 
N3-Si5-C13 111.2(2) N3-Si5-C14 113.2(2) 
N3-Si5-C15 114.8(2) C13-Si5-C15 103.8(2) 
N3-Si6-C16 116.0(2) N3-Si6-C17 109.6(2) 
N3-Si6-C18 114.2(2) C16-Si6-C18 103.1(2) 
N4-Si7-C19 111.2(2) N4-Si7-C21 114.9(2) 
N4-Si7-C20 112.3(2) C19-Si7-C20 109.4(3) 
N4-Si8-C22 114.6(2) N4-Si8-C23 109.8(2) 
N4-Si8-C24 114.6(2) C22-Si8-C24 102.9(2) 
Si1-N1-Si2 116.6(2) Si1-N1-Ce1 123.27(19) 
Si4-N2-Si3 116.8(2) Si4-N2-Ce1 120.47(19) 
Si5-N3-Si6 117.4(2) Si5-N3-Ce1 125.52(18) 
Si7-N4-Si8 117.8(2) Si7-N4-Ce1 125.33(19) 
O8-K1-O7 166.45(17) O8-K1-O5 95.28(13) 
O8-K1-O3 87.64(13) O7-K1-O3 103.91(15) 
O8-K1-O6 84.52(13) O7-K1-O6 84.07(15) 
O3-K1-O6 172.00(11) O8-K1-O2 79.46(12) 
O5-K1-O2 174.68(11) O3-K1-O2 60.82(10) 
O8-K1-O1 89.04(13) O7-K1-O1 79.07(13) 
O3-K1-O1 120.28(10) O6-K1-O1 61.23(10) 
O8-K1-O4 82.44(13) O7-K1-O4 109.33(13) 
O3-K1-O4 60.07(10) O6-K1-O4 117.12(10) 
O1-K1-O4 171.47(11) C25-O1-C36 111.7(4) 
C36-O1-K1 112.3(3) C27-O2-C26 113.1(3) 
C26-O2-K1 115.0(3) C29-O3-C28 109.4(4) 
C28-O3-K1 115.7(3) C31-O4-C30 111.7(4) 
C30-O4-K1 114.9(3) C32-O5-C33 111.5(4) 
C33-O5-K1 115.0(3) C34-O6-C35 112.1(4) 
C35-O6-K1 112.7(3) C40-O7-C37 107.0(5) 
C37-O7-K1 121.1(4) C41-O8-C44 106.4(4) 
C44-O8-K1 130.2(4) O1-C25-C26 108.8(4) 
O2-C27-C28 109.1(4) O3-C28-C27 108.3(4) 
O4-C30-C29 108.8(4) O4-C31-C32 109.4(4) 
O5-C33-C34 109.3(4) O6-C34-C33 108.5(4) 
O1-C36-C35 109.3(4) O7-C37-C38 107.9(5) 
C40-C39-C38 102.9(6) O7-C40-C39 106.2(5) 
C41-C42-C43 103.2(5) C44-C43-C42 104.6(5) 
N3-Ce1-N4 112.78(13) Si3-N2-Ce1 122.78(19) 
N4-Ce1-N1 115.54(12) Si6-N3-Ce1 117.04(18) 
C2-Si1-C1 108.8(2) Si8-N4-Ce1 116.87(19) 
C1-Si1-C3 104.7(2) O7-K1-O5 85.50(13) 
C6-Si2-C4 106.4(3) O5-K1-O3 118.52(10) 
C4-Si2-C5 103.0(3) O5-K1-O6 60.89(10) 
C9-Si3-C8 103.4(2) O7-K1-O2 99.80(12) 
C8-Si3-C7 105.4(2) O6-K1-O2 118.93(10) 
C10-Si4-C11 106.8(3) O5-K1-O1 121.16(10) 
C11-Si4-C12 102.4(3) O2-K1-O1 59.98(9) 
C13-Si5-C14 109.6(2) O5-K1-O4 59.58(10) 
C14-Si5-C15 103.5(2) O2-K1-O4 118.41(10) 
C16-Si6-C17 106.7(2) C25-O1-K1 114.8(3) 
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C17-Si6-C18 106.5(2) C27-O2-K1 111.7(3) 
C19-Si7-C21 104.6(3) C29-O3-K1 115.4(3) 
C21-Si7-C20 103.8(3) C31-O4-K1 112.9(3) 
C22-Si8-C23 107.2(3) C32-O5-K1 118.3(3) 
C23-Si8-C24 107.1(2) C34-O6-K1 112.9(3) 
Si2-N1-Ce1 120.16(17) C40-O7-K1 131.8(4) 
O6-C35-C36 108.9(4) C41-O8-K1 120.5(4) 
C37-C38-C39 105.2(5) O2-C26-C25 108.2(4) 
O8-C41-C42 105.1(5) O3-C29-C30 108.1(4) 
O8-C44-C43 105.7(5) O5-C32-C31 108.7(4) 
 
Table 4.7.20 Bond lengths of 4.7-N (Å). 
Ce1-N1  2.2370(18) Ce1-N2  2.2495(16) Ce1-N3  2.4050(18) 
Ce1-N4  2.4389(18) Ce1-Cl1  2.6062(6) Ce1-C1  2.892(2) 
Ce1-Si1  3.4176(6) Ce1-Si4  3.4633(6) Ce1-Si2  3.4930(6) 
Ce1-Si3  3.4932(6) Si1-N1  1.7374(19) Si1-C2  1.871(2) 
Si1-C3  1.872(2) Si1-C4  1.875(2) Si2-N1  1.7503(19) 
Si2-C7  1.868(2) Si2-C5  1.868(3) Si2-C6  1.878(3) 
Si3-N2  1.749(2) Si3-C9  1.871(2) Si3-C10  1.876(2) 
Si3-C8  1.879(3) Si4-N2  1.749(2) Si4-C12  1.865(3) 
Si4-C13  1.870(2) Si4-C11  1.880(2) Si5-N5  1.7689(18) 
Si5-C20  1.865(2) Si5-C22  1.867(2) Si5-C21  1.872(2) 
Si6-N5  1.7665(18) Si6-C23  1.850(3) Si6-C25  1.865(4) 
Si6-C24  1.865(3) N3-C1  1.336(3) N3-C14  1.468(3) 
N4-C1  1.332(3) N4-C17  1.473(3) N5-C1  1.436(3) 
C14-C15  1.527(3) C14-C16  1.530(3) C17-C19  1.528(3) 
C17-C18  1.532(3)     
 
Table 4.7.21 Bond angles of 4.7-N (°). 
N1-Ce1-N2 110.11(6) N1-Ce1-N3 112.38(6) 
N1-Ce1-N4 130.90(6) N2-Ce1-N4 93.63(6) 
N1-Ce1-Cl1 92.94(5) N2-Ce1-Cl1 97.92(5) 
N4-Ce1-Cl1 126.57(5) N1-Ce1-C1 126.39(6) 
N3-Ce1-C1 27.29(6) N4-Ce1-C1 27.28(6) 
N1-Ce1-Si1 26.65(5) N2-Ce1-Si1 121.47(5) 
N4-Ce1-Si1 104.39(5) Cl1-Ce1-Si1 112.825(17) 
N1-Ce1-Si4 125.86(5) N2-Ce1-Si4 26.07(5) 
N4-Ce1-Si4 93.97(4) Cl1-Ce1-Si4 76.818(17) 
Si1-Ce1-Si4 144.992(15) N1-Ce1-Si2 25.19(5) 
N3-Ce1-Si2 123.05(4) N4-Ce1-Si2 156.05(5) 
C1-Ce1-Si2 145.75(4) Si1-Ce1-Si2 51.805(16) 
N1-Ce1-Si3 90.68(5) N2-Ce1-Si3 25.34(5) 
N4-Ce1-Si3 95.09(4) Cl1-Ce1-Si3 116.095(17) 
Si1-Ce1-Si3 96.858(16) Si4-Ce1-Si3 51.340(15) 
N1-Si1-C2 117.36(11) N1-Si1-C3 111.81(11) 
N1-Si1-C4 105.99(10) C2-Si1-C4 105.51(12) 
N1-Si1-Ce1 35.28(6) C2-Si1-Ce1 130.53(9) 
C4-Si1-Ce1 70.83(7) N1-Si2-C7 111.46(10) 
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C7-Si2-C5 109.14(13) N1-Si2-C6 111.17(11) 
C5-Si2-C6 104.47(13) N1-Si2-Ce1 32.95(6) 
C5-Si2-Ce1 82.34(8) C6-Si2-Ce1 135.38(8) 
N2-Si3-C10 114.06(10) C9-Si3-C10 105.93(12) 
C9-Si3-C8 106.68(12) C10-Si3-C8 106.68(12) 
C9-Si3-Ce1 77.28(8) C10-Si3-Ce1 124.42(9) 
N2-Si4-C12 112.06(10) N2-Si4-C13 109.94(10) 
N2-Si4-C11 113.71(10) C12-Si4-C11 106.63(12) 
N2-Si4-Ce1 34.42(6) C12-Si4-Ce1 108.83(8) 
C11-Si4-Ce1 140.22(8) N5-Si5-C20 110.13(10) 
C20-Si5-C22 107.81(11) N5-Si5-C21 111.35(10) 
C22-Si5-C21 109.23(11) N5-Si6-C23 111.56(12) 
C23-Si6-C25 108.28(19) N5-Si6-C24 111.09(11) 
C25-Si6-C24 107.09(14) Si1-N1-Si2 119.94(10) 
Si2-N1-Ce1 121.86(10) Si4-N2-Si3 118.98(9) 
Si3-N2-Ce1 121.26(10) C1-N3-C14 122.96(18) 
C14-N3-Ce1 139.95(14) C1-N4-C17 122.99(18) 
C17-N4-Ce1 141.12(14) C1-N5-Si6 119.90(13) 
Si6-N5-Si5 119.97(10) N4-C1-N3 112.63(18) 
N3-C1-N5 122.90(19) N4-C1-Ce1 57.07(11) 
N5-C1-Ce1 177.71(14) N3-C14-C15 108.76(19) 
C15-C14-C16 110.1(2) N4-C17-C19 110.64(19) 
C19-C17-C18 110.31(19) N1-Si2-C5 112.05(10) 
N2-Ce1-N3 137.31(6) C7-Si2-C6 108.25(11) 
N3-Ce1-N4 54.54(6) C7-Si2-Ce1 110.80(8) 
N3-Ce1-Cl1 84.02(5) N2-Si3-C9 110.64(10) 
N2-Ce1-C1 116.21(6) N2-Si3-C8 112.36(11) 
Cl1-Ce1-C1 105.55(4) N2-Si3-Ce1 33.40(6) 
N3-Ce1-Si1 95.89(5) C8-Si3-Ce1 125.89(9) 
C1-Ce1-Si1 102.20(4) C12-Si4-C13 108.87(12) 
N3-Ce1-Si4 118.93(4) C13-Si4-C11 105.31(11) 
C1-Ce1-Si4 107.40(4) C13-Si4-Ce1 79.64(8) 
N2-Ce1-Si2 97.67(4) N5-Si5-C22 109.73(11) 
Cl1-Ce1-Si2 72.675(18) C20-Si5-C21 108.51(11) 
Si4-Ce1-Si2 105.394(14) N5-Si6-C25 111.95(12) 
N3-Ce1-Si3 149.23(4) C23-Si6-C24 106.61(15) 
C1-Ce1-Si3 122.13(4) Si1-N1-Ce1 118.07(9) 
Si2-Ce1-Si3 86.477(15) Si4-N2-Ce1 119.50(10) 
C2-Si1-C3 105.99(12) C1-N3-Ce1 97.09(13) 
C3-Si1-C4 109.92(11) C1-N4-Ce1 95.65(13) 
C3-Si1-Ce1 121.92(8) C1-N5-Si5 120.11(14) 
N3-C14-C16 111.96(19) N4-C1-N5 124.46(19) 
N4-C17-C18 109.81(18) N3-C1-Ce1 55.63(11) 
 
Table 4.7.22 Bond lengths of 4.7-N' (Å). 
Ce1-N2  2.2451(13) Ce1-N1  2.2780(13) Ce1-N3  2.4019(13) 
Ce1-N4  2.4344(13) Ce1-Cl1  2.5877(5) Ce1-C1  2.8672(15) 
Ce1-Si1  3.3903(5) Ce1-Si3  3.4693(6) Ce1-Si4  3.4924(6) 
Si1-N1  1.7441(14) Si1-C4  1.8795(18) Si1-C3  1.8808(19) 
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Si1-C2  1.8856(17) Si2-N1  1.7612(14) Si2-C6  1.8748(18) 
Si2-C5  1.8807(19) Si2-C7  1.8873(18) Si3-N2  1.7469(14) 
Si3-C8  1.8760(17) Si3-C10  1.8861(18) Si3-C9  1.8892(17) 
Si4-N2  1.7563(14) Si4-C13  1.8725(19) Si4-C11  1.8732(18) 
Si4-C12  1.8855(18) Si5-N5  1.7734(13) Si5-C26  1.8653(18) 
Si5-C27  1.8729(18) Si5-C28  1.8784(19) Si6-N5  1.7714(14) 
Si6-C31  1.8595(18) Si6-C30  1.8716(19) Si6-C29  1.8724(18) 
N3-C1  1.3565(19) N3-C14  1.4712(19) N4-C1  1.333(2) 
N4-C20  1.4785(19) N5-C1  1.4290(19) C14-C19  1.528(2) 
C14-C15  1.533(2) C15-C16  1.538(2) C16-C17  1.530(2) 
C17-C18  1.530(2) C18-C19  1.538(2) C20-C25  1.526(2) 
C20-C21  1.528(2) C21-C22  1.539(2) C22-C23  1.522(3) 
C23-C24  1.528(3) C24-C25  1.542(2)   
 
Table 4.7.23 Bond angles of 4.7-N' (°). 
N2-Ce1-N1 118.18(5) N2-Ce1-N3 129.80(4) 
N2-Ce1-N4 99.54(5) N1-Ce1-N4 142.27(4) 
N2-Ce1-Cl1 98.89(3) N1-Ce1-Cl1 89.03(3) 
N4-Ce1-Cl1 85.94(3) N2-Ce1-C1 119.50(4) 
N3-Ce1-C1 28.10(4) N4-Ce1-C1 27.61(4) 
N2-Ce1-Si1 98.32(3) N1-Ce1-Si1 27.97(3) 
N4-Ce1-Si1 151.79(3) Cl1-Ce1-Si1 112.612(14) 
N2-Ce1-Si3 25.80(3) N1-Ce1-Si3 125.52(3) 
N4-Ce1-Si3 88.15(3) Cl1-Ce1-Si3 121.328(14) 
Si1-Ce1-Si3 98.820(14) N2-Ce1-Si4 25.51(3) 
N3-Ce1-Si4 153.63(3) N4-Ce1-Si4 107.85(3) 
C1-Ce1-Si4 134.09(3) Si1-Ce1-Si4 97.605(13) 
N1-Si1-C4 108.07(7) N1-Si1-C3 112.98(8) 
N1-Si1-C2 115.39(7) C4-Si1-C2 105.78(8) 
N1-Si1-Ce1 37.78(4) C4-Si1-Ce1 70.29(6) 
C2-Si1-Ce1 126.85(6) N1-Si2-C6 113.61(7) 
C6-Si2-C5 108.79(9) N1-Si2-C7 112.43(7) 
C5-Si2-C7 106.58(9) N2-Si3-C8 112.87(7) 
C8-Si3-C10 107.68(8) N2-Si3-C9 107.79(7) 
C10-Si3-C9 107.59(8) N2-Si3-Ce1 34.01(4) 
C10-Si3-Ce1 126.23(6) C9-Si3-Ce1 73.83(5) 
N2-Si4-C11 111.36(7) C13-Si4-C11 110.97(9) 
C13-Si4-C12 105.55(9) C11-Si4-C12 105.21(8) 
C13-Si4-Ce1 85.36(6) C11-Si4-Ce1 100.19(6) 
N5-Si5-C26 109.08(7) N5-Si5-C27 110.05(7) 
N5-Si5-C28 111.27(7) C26-Si5-C28 107.45(9) 
N5-Si6-C31 109.45(7) N5-Si6-C30 110.11(8) 
N5-Si6-C29 112.42(7) C31-Si6-C29 108.08(9) 
Si1-N1-Si2 117.60(7) Si1-N1-Ce1 114.24(6) 
Si3-N2-Si4 118.64(7) Si3-N2-Ce1 120.19(7) 
C1-N3-C14 121.33(13) C1-N3-Ce1 95.39(9) 
C1-N4-C20 122.13(13) C1-N4-Ce1 94.57(9) 
C1-N5-Si6 120.55(10) C1-N5-Si5 116.42(10) 
N4-C1-N3 113.36(13) N4-C1-N5 123.91(13) 
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N4-C1-Ce1 57.82(8) N3-C1-Ce1 56.51(8) 
N3-C14-C19 113.18(13) N3-C14-C15 109.73(12) 
C14-C15-C16 111.26(13) C17-C16-C15 111.69(14) 
C17-C18-C19 111.55(14) C14-C19-C18 110.57(14) 
N4-C20-C21 108.97(12) C25-C20-C21 109.30(14) 
C23-C22-C21 111.36(16) C22-C23-C24 110.10(15) 
C20-C25-C24 110.98(14) C27-Si5-C28 109.38(9) 
N1-Ce1-N3 95.80(5) C31-Si6-C30 109.46(9) 
N3-Ce1-N4 55.38(4) C30-Si6-C29 107.25(9) 
N3-Ce1-Cl1 118.72(3) Si2-N1-Ce1 127.44(7) 
N1-Ce1-C1 118.79(4) Si4-N2-Ce1 121.09(7) 
Cl1-Ce1-C1 100.71(3) C14-N3-Ce1 142.43(10) 
N3-Ce1-Si1 96.45(3) C20-N4-Ce1 143.18(10) 
C1-Ce1-Si1 124.43(3) Si6-N5-Si5 122.67(8) 
N3-Ce1-Si3 104.48(3) N3-C1-N5 122.68(13) 
C1-Ce1-Si3 100.00(3) N5-C1-Ce1 168.57(10) 
N1-Ce1-Si4 106.99(3) C19-C14-C15 109.63(13) 
Cl1-Ce1-Si4 75.627(13) C18-C17-C16 111.18(14) 
Si3-Ce1-Si4 51.288(11) N4-C20-C25 113.06(13) 
C4-Si1-C3 106.39(9) C20-C21-C22 112.43(14) 
C3-Si1-C2 107.63(8) C23-C24-C25 111.40(15) 
C3-Si1-Ce1 124.65(6) C8-Si3-Ce1 123.20(6) 
N1-Si2-C5 111.57(8) N2-Si4-C13 109.07(8) 
C6-Si2-C7 103.31(8) N2-Si4-C12 114.51(8) 
N2-Si3-C10 112.55(7) N2-Si4-Ce1 33.40(4) 
C8-Si3-C9 108.15(8) C12-Si4-Ce1 146.15(6) 
C26-Si5-C27 109.56(9)   
 
Table 4.7.24 Bond lengths of 4.8 (Å). 
Ce1-N2  2.374(3) Ce1-N5  2.379(4) Ce1-N7  2.390(4) 
Ce1-N8  2.392(4) Ce1-N1  2.426(4) Ce1-N4  2.428(4) 
Ce1-C27  2.846(4) Ce1-C1  2.853(4) Ce1-C14  2.857(4) 
Si1-N3  1.777(4) Si1-C9  1.850(6) Si1-C8  1.865(5) 
Si1-C10  1.867(5) Si2-N3  1.763(4) Si2-C13  1.846(6) 
Si2-C11  1.847(6) Si2-C12  1.857(6) Si3-N6  1.767(4) 
Si3-C23  1.834(5) Si3-C21  1.843(6) Si3-C22  1.880(6) 
Si4-N6  1.767(4) Si4-C26  1.855(5) Si4-C25  1.856(6) 
Si4-C24  1.856(5) Si5-N9  1.757(4) Si5-C36  1.830(7) 
Si5-C34  1.856(7) Si5-C35  1.872(7) Si6-N9  1.776(4) 
Si6-C38  1.841(6) Si6-C37  1.852(6) Si6-C39  1.858(5) 
N1-C1  1.343(6) N1-C2  1.478(6) N2-C1  1.343(6) 
N2-C5  1.476(6) N3-C1  1.412(5) N4-C14  1.344(5) 
N4-C15  1.471(5) N5-C14  1.332(6) N5-C18  1.478(6) 
N6-C14  1.411(5) N7-C27  1.335(6) N7-C28  1.484(6) 
N8-C27  1.338(6) N8-C31  1.467(6) N9-C27  1.423(6) 
C2-C3  1.516(7) C2-C4  1.521(7) C5-C7  1.517(6) 
C5-C6  1.526(6) C15-C17  1.516(7) C15-C16  1.517(6) 
C18-C20  1.518(8) C18-C19  1.535(7) C28-C29  1.486(8) 
C28-C30  1.537(8) C31-C33  1.516(7) C31-C32  1.527(6) 
B1-C56  1.628(6) B1-C40  1.628(6) B1-C64  1.635(6) 
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B1-C48  1.636(7) C40-C41  1.403(6) C40-C45  1.403(6) 
C41-C42  1.387(6) C42-C43  1.389(7) C42-C46  1.537(6) 
C43-C44  1.372(7) C44-C45  1.392(6) C44-C47  1.532(6) 
C48-C53  1.392(6) C48-C49  1.400(6) C49-C50  1.397(6) 
C50-C51  1.383(6) C50-C54  1.526(5) C51-C52  1.374(6) 
C52-C53  1.390(6) C52-C55  1.493(7) C55-F10  1.327(6) 
C55-F11  1.328(6) C55-F12  1.330(6) C56-C57  1.388(6) 
C56-C61  1.395(6) C57-C58  1.388(6) C58-C59  1.393(6) 
C58-C62  1.491(6) C59-C60  1.387(6) C60-C61  1.383(6) 
C60-C63  1.500(6) C62-F13  1.332(6) C62-F15  1.341(5) 
C62-F14  1.343(6) C63-F17  1.293(6) C63-F16  1.297(6) 
C63-F18  1.315(6) C64-C69  1.392(6) C64-C65  1.404(6) 
C65-C66  1.386(6) C66-C67  1.382(6) C66-C70  1.498(6) 
C67-C68  1.384(6) C68-C69  1.388(6) C68-C71  1.492(7) 
C70-F21  1.306(6) C70-F19  1.324(6) C70-F20  1.338(6) 
C71-F23  1.304(6) C71-F22  1.309(6) C71-F24  1.313(6) 
C46-F3'  1.275(6) C46-F2  1.3100 C46-F1  1.3100 
C46-F3  1.3101 C46-F1'  1.310(6) C46-F2'  1.371(6) 
F1-F1'  0.956(9) F1-F3'  1.542(8) F2-F2'  0.889(9) 
F2-F1'  1.493(8) F3-F3'  0.842(9) F3-F2'  1.609(8) 
C47-F4  1.3098 C47-F5  1.3099 C47-F6  1.3101 
C47-F6'  1.320(6) C47-F5'  1.328(6) C47-F4'  1.336(6) 
F4-F4'  1.223(9) F4-F6'  1.280(8) F5-F5'  1.196(9) 
F5-F4'  1.249(9) F6-F6'  1.170(8) F6-F5'  1.299(9) 
C54-F7'  1.284(5) C54-F9'  1.292(5) C54-F9  1.3100 
C54-F8  1.3101 C54-F7  1.3102 C54-F8'  1.408(5) 
F7-F7'  0.907(8) F7-F8'  1.526(8) F8-F8'  1.073(8) 
F8-F9'  1.300(7) F9-F9'  1.133(8) F9-F7'  1.475(7) 
C72-Cl2  1.722(11) C72-Cl1  1.779(11) C73-Cl3  1.739(8) 
C73-Cl4  1.750(8)     
 
Table 4.7.25 Bond angles of 4.8 (°). 
N2-Ce1-N5 111.53(13) N2-Ce1-N7 138.90(13) 
N2-Ce1-N8 97.08(13) N5-Ce1-N8 145.87(13) 
N2-Ce1-N1 55.84(13) N5-Ce1-N1 100.13(13) 
N8-Ce1-N1 111.50(13) N2-Ce1-N4 105.83(12) 
N7-Ce1-N4 108.68(13) N8-Ce1-N4 99.83(13) 
N2-Ce1-C27 119.37(13) N5-Ce1-C27 129.09(13) 
N8-Ce1-C27 27.92(13) N1-Ce1-C27 108.52(13) 
N2-Ce1-C1 27.89(13) N5-Ce1-C1 106.72(13) 
N8-Ce1-C1 107.24(13) N1-Ce1-C1 28.00(13) 
C27-Ce1-C1 118.41(13) N2-Ce1-C14 111.90(12) 
N7-Ce1-C14 109.07(13) N8-Ce1-C14 124.16(13) 
N4-Ce1-C14 27.99(12) C27-Ce1-C14 120.74(12) 
N3-Si1-C9 112.4(2) N3-Si1-C8 109.2(2) 
N3-Si1-C10 109.3(2) C9-Si1-C10 107.5(3) 
N3-Si2-C13 107.7(2) N3-Si2-C11 113.4(2) 
N3-Si2-C12 110.2(2) C13-Si2-C12 109.0(3) 
N6-Si3-C23 108.3(2) N6-Si3-C21 110.1(2) 
N6-Si3-C22 113.2(2) C23-Si3-C22 109.7(3) 
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N6-Si4-C26 108.3(2) N6-Si4-C25 110.4(2) 
N6-Si4-C24 112.4(2) C26-Si4-C24 109.2(2) 
N9-Si5-C36 110.4(3) N9-Si5-C34 114.7(3) 
N9-Si5-C35 109.3(3) C36-Si5-C35 107.5(4) 
N9-Si6-C38 109.7(2) N9-Si6-C37 109.0(2) 
N9-Si6-C39 112.2(2) C38-Si6-C39 107.8(3) 
C1-N1-C2 119.5(4) C1-N1-Ce1 94.0(3) 
C1-N2-C5 120.2(4) C1-N2-Ce1 96.3(3) 
C1-N3-Si2 117.6(3) C1-N3-Si1 119.1(3) 
C14-N4-C15 119.7(4) C14-N4-Ce1 94.0(3) 
C14-N5-C18 120.4(4) C14-N5-Ce1 96.6(3) 
C14-N6-Si4 120.5(3) C14-N6-Si3 118.5(3) 
C27-N7-C28 120.7(4) C27-N7-Ce1 95.5(3) 
C27-N8-C31 121.3(4) C27-N8-Ce1 95.2(3) 
C27-N9-Si5 120.5(3) C27-N9-Si6 118.6(3) 
N2-C1-N1 113.7(4) N2-C1-N3 122.4(4) 
N2-C1-Ce1 55.8(2) N1-C1-Ce1 58.0(2) 
N1-C2-C3 111.3(4) N1-C2-C4 110.6(4) 
N2-C5-C7 111.8(4) N2-C5-C6 108.2(3) 
N5-C14-N4 113.7(4) N5-C14-N6 122.9(4) 
N5-C14-Ce1 55.8(2) N4-C14-Ce1 58.0(2) 
N4-C15-C17 109.7(4) N4-C15-C16 112.1(4) 
N5-C18-C20 110.5(4) N5-C18-C19 109.7(4) 
N7-C27-N8 113.5(4) N7-C27-N9 123.3(4) 
N7-C27-Ce1 56.7(2) N8-C27-Ce1 56.8(2) 
N7-C28-C29 111.1(4) N7-C28-C30 109.5(4) 
N8-C31-C33 110.0(4) N8-C31-C32 110.5(4) 
C56-B1-C40 113.8(4) C56-B1-C64 111.3(3) 
C56-B1-C48 103.8(3) C40-B1-C48 114.6(3) 
C41-C40-C45 115.7(4) C41-C40-B1 121.9(4) 
C42-C41-C40 122.2(4) C41-C42-C43 120.6(4) 
C43-C42-C46 119.9(4) C44-C43-C42 118.6(4) 
C43-C44-C47 119.6(4) C45-C44-C47 119.5(4) 
C53-C48-C49 115.8(4) C53-C48-B1 123.4(4) 
C50-C49-C48 122.5(4) C51-C50-C49 119.8(4) 
C49-C50-C54 119.2(4) C52-C51-C50 118.9(4) 
C51-C52-C55 118.2(4) C53-C52-C55 120.8(4) 
F10-C55-F11 105.2(4) F10-C55-F12 106.9(4) 
F10-C55-C52 112.2(4) F11-C55-C52 112.4(4) 
C57-C56-C61 116.1(4) C57-C56-B1 120.0(4) 
C56-C57-C58 122.5(4) C57-C58-C59 120.7(4) 
C59-C58-C62 120.6(4) C60-C59-C58 117.4(4) 
C61-C60-C63 119.5(4) C59-C60-C63 119.2(4) 
F13-C62-F15 106.5(4) F13-C62-F14 106.0(4) 
F13-C62-C58 112.5(4) F15-C62-C58 113.1(4) 
F17-C63-F16 106.1(5) F17-C63-F18 104.7(4) 
F17-C63-C60 114.4(4) F16-C63-C60 113.0(4) 
C69-C64-C65 115.9(4) C69-C64-B1 122.8(4) 
C66-C65-C64 122.0(4) C67-C66-C65 121.1(4) 
C65-C66-C70 117.7(4) C66-C67-C68 117.8(4) 
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C67-C68-C71 121.0(4) C69-C68-C71 117.8(4) 
F21-C70-F19 109.2(4) F21-C70-F20 106.0(4) 
F21-C70-C66 114.0(4) F19-C70-C66 112.7(4) 
F23-C71-F22 106.6(5) F23-C71-F24 105.0(5) 
F23-C71-C68 112.9(4) F22-C71-C68 113.3(4) 
F3'-C46-F2 134.0(6) F3'-C46-F1 73.2(4) 
F3'-C46-F3 38.0(4) F2-C46-F3 109.4 
F3'-C46-F1' 111.6(4) F2-C46-F1' 69.5(4) 
F3-C46-F1' 138.3(5) F3'-C46-F2' 107.8(4) 
F1-C46-F2' 137.1(5) F3-C46-F2' 73.7(4) 
F3'-C46-C42 112.7(5) F2-C46-C42 109.0(4) 
F3-C46-C42 109.0(4) F1'-C46-C42 110.4(4) 
F1'-F1-C46 68.6(4) F1'-F1-F3' 115.8(5) 
F2'-F2-C46 74.4(4) F2'-F2-F1' 125.8(6) 
F3'-F3-C46 68.8(4) F3'-F3-F2' 118.1(5) 
F1-F1'-C46 68.6(4) F1-F1'-F2 120.1(5) 
F2-F2'-C46 66.9(4) F2-F2'-F3 114.7(5) 
F3-F3'-C46 73.3(4) F3-F3'-F1 125.0(6) 
F4-C47-F5 109.4 F4-C47-F6 109.4 
F4-C47-F6' 58.2(4) F5-C47-F6' 136.8(5) 
F4-C47-F5' 142.0(5) F5-C47-F5' 53.9(4) 
F6'-C47-F5' 107.7(4) F4-C47-F4' 55.1(4) 
F6-C47-F4' 137.8(5) F6'-C47-F4' 107.3(4) 
F4-C47-C44 107.7(4) F5-C47-C44 110.1(4) 
F6'-C47-C44 113.1(5) F5'-C47-C44 110.2(5) 
F4'-F4-F6' 117.4(5) F4'-F4-C47 63.6(3) 
F5'-F5-F4' 122.0(5) F5'-F5-C47 63.8(3) 
F6'-F6-F5' 119.9(5) F6'-F6-C47 64.0(3) 
F4-F4'-F5 119.8(5) F4-F4'-C47 61.4(3) 
F5-F5'-F6 117.9(5) F5-F5'-C47 62.2(3) 
F6-F6'-F4 121.5(5) F6-F6'-C47 63.1(3) 
F7'-C54-F9' 112.2(4) F7'-C54-F9 69.3(4) 
F7'-C54-F8 131.3(5) F9'-C54-F8 59.9(4) 
F7'-C54-F7 40.9(4) F9'-C54-F7 138.1(4) 
F8-C54-F7 109.4 F7'-C54-F8' 105.1(4) 
F9-C54-F8' 144.0(4) F8-C54-F8' 46.3(4) 
F7'-C54-C50 114.7(4) F9'-C54-C50 112.3(4) 
F8-C54-C50 111.8(4) F7-C54-C50 109.2(4) 
F7'-F7-C54 68.0(4) F7'-F7-F8' 121.0(5) 
F8'-F8-F9' 128.4(5) F8'-F8-C54 71.7(4) 
F9'-F9-C54 63.4(3) F9'-F9-F7' 109.5(4) 
F7-F7'-C54 71.1(4) F7-F7'-F9 126.1(5) 
F8-F8'-C54 62.0(3) F8-F8'-F7 109.5(4) 
F9-F9'-C54 65.0(3) F9-F9'-F8 123.0(4) 
Cl2-C72-Cl1 110.3(7) Cl3-C73-Cl4 111.1(4) 
N5-Ce1-N7 106.14(13) F22-C71-F24 106.4(5) 
N7-Ce1-N8 55.74(13) F24-C71-C68 112.1(4) 
N7-Ce1-N1 102.31(14) F2-C46-F1 109.4 
N5-Ce1-N4 55.56(12) F1-C46-F3 109.4 
N1-Ce1-N4 144.73(12) F1-C46-F1' 42.8(4) 
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N7-Ce1-C27 27.84(13) F2-C46-F2' 38.7(4) 
N4-Ce1-C27 106.75(12) F1'-C46-F2' 105.8(4) 
N7-Ce1-C1 124.08(14) F1-C46-C42 110.5(4) 
N4-Ce1-C1 127.19(12) F2'-C46-C42 108.3(5) 
N5-Ce1-C14 27.59(12) C46-F1-F3' 52.4(3) 
N1-Ce1-C14 124.33(12) C46-F2-F1' 55.3(3) 
C1-Ce1-C14 120.83(12) C46-F3-F2' 54.9(3) 
C9-Si1-C8 108.1(3) C46-F1'-F2 55.3(3) 
C8-Si1-C10 110.4(3) C46-F2'-F3 51.4(2) 
C13-Si2-C11 109.1(3) C46-F3'-F1 54.4(3) 
C11-Si2-C12 107.3(3) F5-C47-F6 109.5 
C23-Si3-C21 108.5(3) F6-C47-F6' 52.8(4) 
C21-Si3-C22 106.9(3) F6-C47-F5' 59.0(4) 
C26-Si4-C25 108.8(3) F5-C47-F4' 56.3(4) 
C25-Si4-C24 107.8(3) F5'-C47-F4' 106.8(4) 
C36-Si5-C34 109.8(3) F6-C47-C44 110.7(4) 
C34-Si5-C35 104.7(3) F4'-C47-C44 111.5(5) 
C38-Si6-C37 107.3(3) F6'-F4-C47 61.3(3) 
C37-Si6-C39 110.7(3) F4'-F5-C47 62.9(3) 
C2-N1-Ce1 146.5(3) F5'-F6-C47 61.2(3) 
C5-N2-Ce1 142.1(3) F5-F4'-C47 60.8(3) 
Si2-N3-Si1 123.2(2) F6-F5'-C47 59.8(3) 
C15-N4-Ce1 145.2(3) F4-F6'-C47 60.5(3) 
C18-N5-Ce1 142.7(3) F9'-C54-F9 51.6(4) 
Si4-N6-Si3 121.0(2) F9-C54-F8 109.4 
C28-N7-Ce1 143.9(3) F9-C54-F7 109.4 
C31-N8-Ce1 143.2(3) F9'-C54-F8' 104.7(3) 
Si5-N9-Si6 120.9(2) F7-C54-F8' 68.2(4) 
N1-C1-N3 123.9(4) F9-C54-C50 107.5(4) 
N3-C1-Ce1 174.7(3) F8'-C54-C50 106.9(4) 
C3-C2-C4 109.5(4) C54-F7-F8' 59.0(3) 
C7-C5-C6 110.3(4) F9'-F8-C54 59.3(3) 
N4-C14-N6 123.3(4) C54-F9-F7' 54.5(3) 
N6-C14-Ce1 178.2(3) C54-F7'-F9 56.2(3) 
C17-C15-C16 110.4(4) C54-F8'-F7 52.9(2) 
C20-C18-C19 111.8(4) C54-F9'-F8 60.7(3) 
N8-C27-N9 123.2(4) F11-C55-F12 106.8(4) 
N9-C27-Ce1 177.2(3) F12-C55-C52 112.8(4) 
C29-C28-C30 112.0(5) C61-C56-B1 123.8(4) 
C33-C31-C32 110.3(4) C57-C58-C62 118.7(4) 
C40-B1-C64 102.4(3) C61-C60-C59 121.4(4) 
C64-B1-C48 111.1(4) C60-C61-C56 122.0(4) 
C45-C40-B1 121.7(4) F15-C62-F14 106.0(4) 
C41-C42-C46 119.5(4) F14-C62-C58 112.3(4) 
C43-C44-C45 120.8(4) F16-C63-F18 104.1(5) 
C44-C45-C40 122.1(4) F18-C63-C60 113.6(4) 
C49-C48-B1 120.4(4) C65-C64-B1 121.1(4) 
C51-C50-C54 120.9(4) C67-C66-C70 121.2(4) 
C51-C52-C53 120.9(4) C67-C68-C69 121.2(4) 
C52-C53-C48 122.1(4) C68-C69-C64 122.1(4) 
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F20-C70-C66 111.3(4) F19-C70-F20 102.8(4) 
 
Table 4.7.26 Bond lengths of 4.9-N (Å). 
Ce1-N5  2.387(3) Ce1-N4  2.418(4) Ce1-N1  2.545(3) 
Ce1-N2  2.553(3) Ce1-Cl1  2.8185(10) N1-C1  1.335(5) 
N1-C2  1.464(5) N2-C1  1.327(5) N2-C5  1.466(5) 
N3-C1  1.453(5) N3-Si2  1.748(4) N3-Si1  1.758(4) 
N4-Si3  1.693(5) N4-Si4  1.717(4) N5-Si6  1.699(4) 
N5-Si5  1.710(4) Si1-C8  1.856(6) Si1-C10  1.867(6) 
Si1-C9  1.877(6) Si2-C11  1.823(7) Si2-C12  1.855(6) 
Si2-C13  1.884(6) Si3-C16  1.879(6) Si3-C14  1.881(5) 
Si3-C15  1.882(6) Si4-C17  1.863(6) Si4-C19  1.888(6) 
Si4-C18  1.891(5) Si5-C20  1.867(5) Si5-C22  1.879(5) 
Si5-C21  1.889(5) Si6-C24  1.879(6) Si6-C23  1.881(5) 
Si6-C25  1.884(5) C2-C4  1.524(6) C2-C3  1.528(6) 
C5-C6  1.521(7) C5-C7  1.522(6) N6-C30  1.511(6) 
N6-C26  1.518(6) N6-C32  1.520(6) N6-C28  1.526(6) 
C26-C27  1.512(7) C28-C29  1.507(7) C30-C31  1.516(7) 
C32-C33  1.508(8) Ce1'-N5'  2.384(4) Ce1'-N4'  2.422(3) 
Ce1'-N1'  2.529(3) Ce1'-N2'  2.544(4) Ce1'-Cl1'  2.8054(10) 
N1'-C1'  1.321(6) N1'-C2'  1.457(6) N2'-C1'  1.324(5) 
N2'-C5'  1.458(6) N3'-C1'  1.451(5) N3'-Si1'  1.749(4) 
N3'-Si2'  1.751(4) N4'-Si4'  1.705(4) N4'-Si3'  1.705(4) 
N5'-Si6'  1.685(4) N5'-Si5'  1.691(4) Si1'-C8'  1.854(9) 
Si1'-C9'  1.857(6) Si1'-C10'  1.869(10) Si2'-C11'  1.844(7) 
Si2'-C13'  1.848(7) Si2'-C12'  1.875(8) Si3'-C16'  1.872(6) 
Si3'-C14'  1.874(6) Si3'-C15'  1.879(6) Si4'-C17'  1.857(8) 
Si4'-C18'  1.862(6) Si4'-C19'  1.864(7) Si5'-C21'  1.877(5) 
Si5'-C20'  1.881(5) Si5'-C22'  1.883(6) Si6'-C24'  1.855(11) 
Si6'-C23'  1.878(7) Si6'-C25'  1.886(12) C2'-C3*  1.470(8) 
C2'-C4'  1.456(8) C2'-C4*  1.608(9) C2'-C3'  1.607(8) 
C5'-C6'  1.515(8) C5'-C7'  1.529(7) N6'-C30'  1.501(6) 
N6'-C32'  1.519(5) N6'-C28'  1.523(6) N6'-C26'  1.533(6) 
C26'-C27'  1.516(7) C28'-C29'  1.523(7) C30'-C31'  1.535(7) 
C32'-C33'  1.519(6) Ce1"-N5"  2.385(5) Ce1"-N4"  2.490(7) 
Ce1"-N2"  2.523(4) Ce1"-N1"  2.554(4) Ce1"-Cl1"  2.695(3) 
Ce1"-Cl1*  2.915(3) N1"-C1"  1.320(6) N1"-C2"  1.480(7) 
N2"-C1"  1.326(5) N2"-C5"  1.457(7) N3"-C1"  1.444(5) 
N3"-Si2"  1.739(4) N3"-Si1"  1.749(4) N4"-Si3"  1.680(5) 
N4"-Si4"  1.699(8) N5"-Si6"  1.673(5) N5"-Si5"  1.725(5) 
Cl1"-Cl1*  1.168(5) Si1"-C9"  1.856(6) Si1"-C8"  1.860(8) 
Si1"-C10"  1.876(8) Si2"-C11"  1.834(8) Si2"-C13"  1.850(7) 
Si2"-C12"  1.872(8) Si3"-C16"  1.844(7) Si3"-C15"  1.859(17) 
Si3"-C14"  1.936(13) Si4"-C17"  1.849(7) Si4"-C19"  1.869(8) 
Si4"-C18"  1.879(10) Si5"-C22"  1.846(7) Si5"-C20"  1.858(9) 
Si5"-C21"  1.888(10) Si6"-C23"  1.831(12) Si6"-C25"  1.880(9) 
Si6"-C24"  1.901(8) C2"-C3"  1.506(14) C2"-C4"  1.535(14) 
C5"-C7"  1.524(10) C5"-C6"  1.528(9) N6"-C28"  1.509(7) 
N6"-C26"  1.510(7) N6"-C32"  1.518(7) N6"-C30"  1.527(7) 
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C26"-C27"  1.533(8) C28"-C29"  1.504(8) C30"-C31"  1.502(9) 
C32"-C33"  1.491(8) C34-Cl2#1  1.826(18) C34-Cl2  1.920(18) 
Cl2-C34#1  1.826(18)     
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y,-z+1      
Table 4.7.27 Bond angles of 4.9-N (°). 
N5-Ce1-N4 105.85(13) N5-Ce1-N1 116.54(11) 
N5-Ce1-N2 131.54(12) N4-Ce1-N2 121.60(12) 
N5-Ce1-Cl1 83.59(9) N4-Ce1-Cl1 116.75(10) 
N2-Ce1-Cl1 83.68(8) C1-N1-C2 121.6(3) 
C2-N1-Ce1 141.8(3) C1-N2-C5 121.3(3) 
C5-N2-Ce1 143.0(3) C1-N3-Si2 120.7(3) 
Si2-N3-Si1 122.7(2) Si3-N4-Si4 122.5(2) 
Si4-N4-Ce1 123.8(2) Si6-N5-Si5 124.1(2) 
Si5-N5-Ce1 119.32(18) N3-Si1-C8 110.3(2) 
C8-Si1-C10 107.9(3) N3-Si1-C9 112.1(2) 
C10-Si1-C9 108.4(3) N3-Si2-C11 110.9(2) 
C11-Si2-C12 111.1(4) N3-Si2-C13 111.5(3) 
C12-Si2-C13 106.2(3) N4-Si3-C16 115.2(3) 
C16-Si3-C14 106.5(3) N4-Si3-C15 108.7(2) 
C14-Si3-C15 105.6(3) N4-Si4-C17 111.2(2) 
C17-Si4-C19 105.1(3) N4-Si4-C18 113.5(3) 
C19-Si4-C18 103.5(3) N5-Si5-C20 111.6(2) 
C20-Si5-C22 102.7(2) N5-Si5-C21 111.5(2) 
C22-Si5-C21 106.8(2) N5-Si6-C24 113.8(2) 
C24-Si6-C23 107.8(3) N5-Si6-C25 115.3(2) 
C23-Si6-C25 106.0(2) N2-C1-N1 115.7(3) 
N1-C1-N3 121.8(3) N1-C2-C4 110.0(4) 
C4-C2-C3 110.2(4) N2-C5-C6 111.5(4) 
C6-C5-C7 109.4(4) C30-N6-C26 110.5(3) 
C26-N6-C32 111.5(4) C30-N6-C28 111.2(4) 
C32-N6-C28 110.9(3) C27-C26-N6 114.8(4) 
N6-C30-C31 114.8(4) C33-C32-N6 115.5(4) 
N5'-Ce1'-N1' 120.40(13) N4'-Ce1'-N1' 95.14(12) 
N4'-Ce1'-N2' 132.53(12) N1'-Ce1'-N2' 52.30(11) 
N4'-Ce1'-Cl1' 110.94(8) N1'-Ce1'-Cl1' 134.48(9) 
C1'-N1'-C2' 122.0(4) C1'-N1'-Ce1' 96.5(2) 
C1'-N2'-C5' 122.1(4) C1'-N2'-Ce1' 95.8(3) 
C1'-N3'-Si1' 120.2(3) C1'-N3'-Si2' 117.9(3) 
Si4'-N4'-Si3' 123.0(2) Si4'-N4'-Ce1' 126.7(2) 
Si6'-N5'-Si5' 120.6(2) Si6'-N5'-Ce1' 116.4(2) 
N3'-Si1'-C8' 110.5(3) N3'-Si1'-C9' 110.2(3) 
N3'-Si1'-C10' 112.6(4) C8'-Si1'-C10' 107.5(6) 
N3'-Si2'-C11' 111.6(3) N3'-Si2'-C13' 110.3(3) 
N3'-Si2'-C12' 112.2(3) C11'-Si2'-C12' 108.6(5) 
N4'-Si3'-C16' 113.2(2) N4'-Si3'-C14' 116.6(3) 
N4'-Si3'-C15' 108.6(2) C16'-Si3'-C15' 106.6(3) 
N4'-Si4'-C17' 110.6(3) N4'-Si4'-C18' 114.8(3) 
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N4'-Si4'-C19' 114.9(3) C17'-Si4'-C19' 105.5(5) 
N5'-Si5'-C21' 113.9(2) N5'-Si5'-C20' 112.1(2) 
N5'-Si5'-C22' 110.6(3) C21'-Si5'-C22' 106.8(3) 
N5'-Si6'-C24' 107.7(4) N5'-Si6'-C23' 115.6(3) 
N5'-Si6'-C25' 112.9(5) C24'-Si6'-C25' 106.7(6) 
N1'-C1'-N2' 115.4(4) N1'-C1'-N3' 122.4(4) 
N1'-C2'-C3* 116.6(6) N1'-C2'-C4' 116.2(6) 
N1'-C2'-C4* 104.1(6) C3*-C2'-C4* 98.5(8) 
N1'-C2'-C3' 106.0(5) C3*-C2'-C3' 37.7(6) 
C4*-C2'-C3' 135.1(7) N2'-C5'-C6' 110.8(4) 
C6'-C5'-C7' 109.5(5) C30'-N6'-C32' 107.2(3) 
C32'-N6'-C28' 110.4(4) C30'-N6'-C26' 111.4(4) 
C28'-N6'-C26' 104.9(3) C27'-C26'-N6' 114.6(4) 
N6'-C30'-C31' 114.7(4) N6'-C32'-C33' 114.9(4) 
N5"-Ce1"-N2" 122.81(15) N4"-Ce1"-N2" 130.28(14) 
N4"-Ce1"-N1" 94.58(17) N2"-Ce1"-N1" 51.85(12) 
N4"-Ce1"-Cl1" 95.95(17) N2"-Ce1"-Cl1" 88.64(10) 
N5"-Ce1"-Cl1* 79.92(12) N4"-Ce1"-Cl1* 117.89(17) 
N1"-Ce1"-Cl1* 132.75(12) Cl1"-Ce1"-Cl1* 23.62(11) 
C1"-N1"-Ce1" 96.4(3) C2"-N1"-Ce1" 141.4(3) 
C1"-N2"-Ce1" 97.6(3) C5"-N2"-Ce1" 139.9(3) 
C1"-N3"-Si1" 119.0(3) Si2"-N3"-Si1" 121.4(2) 
Si3"-N4"-Ce1" 113.2(4) Si4"-N4"-Ce1" 123.1(3) 
Si6"-N5"-Ce1" 115.3(2) Si5"-N5"-Ce1" 121.5(3) 
Cl1"-Cl1*-Ce1" 67.5(2) N3"-Si1"-C9" 109.6(2) 
C9"-Si1"-C8" 108.5(4) N3"-Si1"-C10" 113.8(3) 
C8"-Si1"-C10" 108.0(5) N3"-Si2"-C11" 111.2(3) 
C11"-Si2"-C13" 106.6(4) N3"-Si2"-C12" 113.6(3) 
C13"-Si2"-C12" 106.3(5) N4"-Si3"-C16" 115.2(3) 
C16"-Si3"-C15" 103.7(6) N4"-Si3"-C14" 112.0(5) 
C15"-Si3"-C14" 113.3(7) N4"-Si4"-C17" 112.0(3) 
C17"-Si4"-C19" 109.0(4) N4"-Si4"-C18" 114.5(4) 
C19"-Si4"-C18" 103.5(5) N5"-Si5"-C22" 112.9(3) 
C22"-Si5"-C20" 106.8(5) N5"-Si5"-C21" 112.7(4) 
C20"-Si5"-C21" 106.0(5) N5"-Si6"-C23" 106.6(4) 
C23"-Si6"-C25" 111.9(6) N5"-Si6"-C24" 112.7(4) 
C25"-Si6"-C24" 106.2(4) N1"-C1"-N2" 114.0(4) 
N2"-C1"-N3" 123.0(4) N1"-C2"-C3" 111.1(6) 
C3"-C2"-C4" 112.6(8) N2"-C5"-C7" 108.6(6) 
C7"-C5"-C6" 109.9(5) C28"-N6"-C26" 105.3(4) 
C26"-N6"-C32" 111.9(4) C28"-N6"-C30" 113.1(5) 
C32"-N6"-C30" 104.8(4) N6"-C26"-C27" 116.5(5) 
C31"-C30"-N6" 114.6(5) C33"-C32"-N6" 115.5(5) 
C34#1-Cl2-C34 75.2(8) N1"-Ce1"-Cl1" 134.00(13) 
N4-Ce1-N1 96.73(12) N2"-Ce1"-Cl1* 80.98(11) 
N1-Ce1-N2 52.48(10) C1"-N1"-C2" 121.8(4) 
N1-Ce1-Cl1 135.13(8) C1"-N2"-C5" 122.5(4) 
C1-N1-Ce1 95.8(2) C1"-N3"-Si2" 119.6(3) 
C1-N2-Ce1 95.6(2) Si3"-N4"-Si4" 123.6(4) 
C1-N3-Si1 116.6(3) Si6"-N5"-Si5" 122.5(3) 
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Si3-N4-Ce1 113.6(2) Cl1*-Cl1"-Ce1" 88.8(2) 
Si6-N5-Ce1 115.71(17) N3"-Si1"-C8" 110.1(3) 
N3-Si1-C10 111.3(3) C9"-Si1"-C10" 106.7(3) 
C8-Si1-C9 106.7(3) N3"-Si2"-C13" 110.4(3) 
N3-Si2-C12 109.6(3) C11"-Si2"-C12" 108.4(5) 
C11-Si2-C13 107.5(3) N4"-Si3"-C15" 109.2(5) 
N4-Si3-C14 114.6(3) C16"-Si3"-C14" 103.2(5) 
C16-Si3-C15 105.5(3) N4"-Si4"-C19" 114.5(4) 
N4-Si4-C19 115.3(2) C17"-Si4"-C18" 102.4(5) 
C17-Si4-C18 107.4(3) N5"-Si5"-C20" 113.3(3) 
N5-Si5-C22 115.8(2) C22"-Si5"-C21" 104.5(5) 
C20-Si5-C21 107.9(3) N5"-Si6"-C25" 115.1(3) 
N5-Si6-C23 108.0(2) C23"-Si6"-C24" 103.9(5) 
C24-Si6-C25 105.4(3) N1"-C1"-N3" 123.0(4) 
N2-C1-N3 122.4(3) N1"-C2"-C4" 108.6(8) 
N1-C2-C3 110.9(4) N2"-C5"-C6" 111.5(5) 
N2-C5-C7 109.6(4) C28"-N6"-C32" 111.2(4) 
C30-N6-C32 106.4(3) C26"-N6"-C30" 110.7(4) 
C26-N6-C28 106.4(3) C29"-C28"-N6" 115.4(5) 
C29-C28-N6 115.6(4) Cl2#1-C34-Cl2 104.8(8) 
N5'-Ce1'-N4' 107.04(13) C18'-Si4'-C19' 104.8(5) 
N5'-Ce1'-N2' 118.91(13) C21'-Si5'-C20' 105.1(3) 
N5'-Ce1'-Cl1' 87.61(10) C20'-Si5'-C22' 107.9(3) 
N2'-Ce1'-Cl1' 83.41(8) C24'-Si6'-C23' 108.1(4) 
C2'-N1'-Ce1' 141.1(3) C23'-Si6'-C25' 105.4(5) 
C5'-N2'-Ce1' 142.0(3) N2'-C1'-N3' 122.2(4) 
Si1'-N3'-Si2' 121.8(2) C3*-C2'-C4' 66.4(8) 
Si3'-N4'-Ce1' 110.23(17) C4'-C2'-C4* 32.1(6) 
Si5'-N5'-Ce1' 120.50(19) C4'-C2'-C3' 103.6(7) 
C8'-Si1'-C9' 108.4(3) N2'-C5'-C7' 110.2(4) 
C9'-Si1'-C10' 107.6(4) C30'-N6'-C28' 112.1(4) 
C11'-Si2'-C13' 107.3(4) C32'-N6'-C26' 110.9(4) 
C13'-Si2'-C12' 106.5(5) C29'-C28'-N6' 114.1(4) 
C16'-Si3'-C14' 106.2(3) N5"-Ce1"-N4" 106.22(16) 
C14'-Si3'-C15' 104.9(3) N5"-Ce1"-N1" 125.11(17) 
C17'-Si4'-C18' 105.3(4) N5"-Ce1"-Cl1" 94.28(14) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y,-z+1      
Table 4.7.28 Bond lengths of 4.9-N' (Å). 
Ce1-N2  2.3952(16) Ce1-N1  2.4036(16) Ce1-N3  2.4827(16) 
Ce1-N4  2.5772(16) Ce1-Cl1  2.7926(5) Ce1-C1  2.9615(18) 
Ce1-Si1  3.4354(6) Si1-N1  1.7130(17) Si1-C2  1.883(2) 
Si1-C3  1.885(2) Si1-C4  1.889(2) Si2-N1  1.7142(17) 
Si2-C6  1.871(2) Si2-C7  1.873(2) Si2-C5  1.887(2) 
Si3-N2  1.7089(18) Si3-C9  1.872(2) Si3-C8  1.878(2) 
Si3-C10  1.881(2) Si4-N2  1.7090(18) Si4-C13  1.880(2) 
Si4-C12  1.882(2) Si4-C11  1.882(2) Si5-N5  1.7580(17) 
Si5-C31  1.850(2) Si5-C30  1.871(2) Si5-C29  1.875(2) 
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Si6-N5  1.7512(16) Si6-C26  1.865(2) Si6-C28  1.871(2) 
Si6-C27  1.874(2) N3-C1  1.334(2) N3-C14  1.460(2) 
N4-C1  1.333(2) N4-C20  1.470(2) N5-C1  1.448(2) 
C14-C15  1.530(3) C14-C19  1.535(3) C15-C16  1.529(3) 
C16-C17  1.523(3) C17-C18  1.525(3) C18-C19  1.532(3) 
C20-C21  1.529(3) C20-C25  1.536(3) C21-C22  1.537(3) 
C22-C23  1.523(3) C23-C24  1.522(3) C24-C25  1.530(3) 
N6-C38  1.421(5) N6-C32'  1.438(5) N6-C34'  1.481(7) 
N6-C32  1.527(5) N6-C34  1.553(6) N6-C36  1.564(5) 
N6-C38'  1.598(5) N6-C36'  1.604(5) C33-C32  1.521(5) 
C33-C32'  1.583(6) C37-C36'  1.552(6) C37-C36  1.589(6) 
C34-C35  1.565(7) C38-C39  1.552(6) C34'-C35'  1.491(8) 
C38'-C39'  1.511(6) C40-Cl3  1.667(4) C40-Cl2  1.696(3) 
C40-Cl3'  1.789(5) C40-Cl2'  1.818(4)   
 
Table 4.7.29 Bond angles of 4.9-N' (°). 
N2-Ce1-N1 119.39(6) N2-Ce1-N3 127.79(6) 
N2-Ce1-N4 112.83(5) N1-Ce1-N4 101.70(5) 
N2-Ce1-Cl1 84.94(4) N1-Ce1-Cl1 101.11(4) 
N4-Ce1-Cl1 138.19(4) N2-Ce1-C1 126.56(5) 
N3-Ce1-C1 26.54(5) N4-Ce1-C1 26.72(5) 
N2-Ce1-Si1 103.05(4) N1-Ce1-Si1 27.53(4) 
N4-Ce1-Si1 89.84(4) Cl1-Ce1-Si1 124.050(17) 
N1-Si1-C2 114.22(9) N1-Si1-C3 115.01(10) 
N1-Si1-C4 108.69(8) C2-Si1-C4 106.94(10) 
N1-Si1-Ce1 40.43(5) C2-Si1-Ce1 121.16(7) 
C4-Si1-Ce1 68.73(6) N1-Si2-C6 113.58(9) 
C6-Si2-C7 104.89(11) N1-Si2-C5 112.09(9) 
C7-Si2-C5 105.93(12) N2-Si3-C9 108.85(10) 
C9-Si3-C8 108.91(12) N2-Si3-C10 116.21(11) 
C8-Si3-C10 104.99(12) N2-Si4-C13 111.62(9) 
C13-Si4-C12 106.42(11) N2-Si4-C11 113.84(11) 
C12-Si4-C11 107.56(11) N5-Si5-C31 109.31(9) 
C31-Si5-C30 108.98(12) N5-Si5-C29 111.19(10) 
C30-Si5-C29 107.57(11) N5-Si6-C26 110.40(8) 
C26-Si6-C28 107.41(10) N5-Si6-C27 110.73(9) 
C28-Si6-C27 106.64(10) Si1-N1-Si2 119.56(9) 
Si2-N1-Ce1 128.25(9) Si3-N2-Si4 121.10(9) 
Si4-N2-Ce1 121.17(9) C1-N3-C14 121.70(16) 
C14-N3-Ce1 140.98(12) C1-N4-C20 119.62(16) 
C20-N4-Ce1 147.43(12) C1-N5-Si6 115.63(12) 
Si6-N5-Si5 124.77(9) N4-C1-N3 115.83(16) 
N3-C1-N5 121.84(16) N4-C1-Ce1 60.35(10) 
N5-C1-Ce1 168.73(12) N3-C14-C15 112.12(16) 
C15-C14-C19 109.38(15) C16-C15-C14 111.64(16) 
C16-C17-C18 110.92(18) C17-C18-C19 110.78(18) 
N4-C20-C21 114.30(15) N4-C20-C25 109.71(16) 
C20-C21-C22 110.54(16) C23-C22-C21 111.47(18) 
C23-C24-C25 110.92(18) C24-C25-C20 112.22(19) 
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C38-N6-C34' 88.7(4) C32'-N6-C34' 117.1(5) 
C32'-N6-C32 56.1(3) C34'-N6-C32 113.8(5) 
C32'-N6-C34 94.3(4) C34'-N6-C34 24.0(3) 
C38-N6-C36 114.5(3) C32'-N6-C36 55.6(3) 
C32-N6-C36 105.6(3) C34-N6-C36 102.7(3) 
C32'-N6-C38' 112.5(3) C34'-N6-C38' 105.7(5) 
C34-N6-C38' 124.7(3) C36-N6-C38' 132.5(3) 
C32'-N6-C36' 111.8(4) C34'-N6-C36' 109.3(5) 
C34-N6-C36' 115.5(4) C36-N6-C36' 58.4(3) 
C32-C33-C32' 53.4(3) C36'-C37-C36 59.0(3) 
N6-C34-C35 113.6(4) N6-C36-C37 108.6(4) 
N6-C32'-C33 115.0(4) N6-C34'-C35' 119.5(6) 
C39'-C38'-N6 115.0(4) Cl3-C40-Cl2 120.4(2) 
Cl2-C40-Cl3' 137.3(3) Cl3-C40-Cl2' 85.0(2) 
Cl3'-C40-Cl2' 103.7(2) N4-C1-N5 122.25(16) 
N1-Ce1-N3 112.81(5) N3-C1-Ce1 56.28(9) 
N3-Ce1-N4 53.00(5) N3-C14-C19 109.52(15) 
N3-Ce1-Cl1 85.85(4) C17-C16-C15 111.03(18) 
N1-Ce1-C1 106.68(5) C18-C19-C14 111.54(17) 
Cl1-Ce1-C1 112.37(4) C21-C20-C25 109.11(16) 
N3-Ce1-Si1 124.18(4) C24-C23-C22 110.50(18) 
C1-Ce1-Si1 106.26(4) C38-N6-C32' 154.1(4) 
C2-Si1-C3 105.35(10) C38-N6-C32 113.3(3) 
C3-Si1-C4 106.05(10) C38-N6-C34 111.6(4) 
C3-Si1-Ce1 132.93(8) C32-N6-C34 108.3(4) 
N1-Si2-C7 114.08(10) C34'-N6-C36 120.6(5) 
C6-Si2-C5 105.51(11) C38-N6-C38' 53.6(3) 
N2-Si3-C8 111.27(10) C32-N6-C38' 59.9(3) 
C9-Si3-C10 106.29(10) C38-N6-C36' 56.8(3) 
N2-Si4-C12 112.40(9) C32-N6-C36' 135.6(3) 
C13-Si4-C11 104.44(13) C38'-N6-C36' 98.7(3) 
N5-Si5-C30 112.19(9) C33-C32-N6 113.5(3) 
C31-Si5-C29 107.46(12) N6-C38-C39 112.2(4) 
N5-Si6-C28 111.80(9) C37-C36'-N6 108.5(4) 
C26-Si6-C27 109.73(10) Cl3-C40-Cl3' 20.08(17) 
Si1-N1-Ce1 112.04(8) Cl2-C40-Cl2' 36.01(14) 
Si3-N2-Ce1 117.72(8) C1-N4-Ce1 92.93(11) 
C1-N3-Ce1 97.19(11) C1-N5-Si5 119.57(12) 
 
4.8 Coordinates of Optimized Geometries Obtained from DFT. 
Table 4.8.1 Optimized coordinates of 4.1-N (gas phase). 
Ce 0.000841 0.000402 -0.345198 H -2.979063 -3.908691 -2.907151 
Si -2.871369 -1.499165 1.288829 H -3.504277 -2.249342 -2.569876 
Si -1.543367 -2.889201 -1.120258 H -0.473308 -1.457115 -2.971069 
Si 0.138032 3.233021 1.290431 H -0.136276 -3.160719 -3.162429 
Si -1.731827 2.783085 -1.121333 H 0.802108 -2.258384 -1.996728 
Si 2.735909 -1.730888 1.292656 H 0.346212 1.46288 3.078767 
Si 3.2735 0.105695 -1.126107 H 1.568928 2.718333 3.276881 
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N -1.645463 -1.61517 0.053187 H 1.795267 1.473466 2.048053 
N -0.574721 2.235399 0.049653 H -1.634382 4.998535 1.647649 
N 2.224344 -0.615859 0.052419 H -0.660203 4.766244 3.103073 
C -2.345595 -0.181828 2.555238 H -1.92523 3.597927 2.689443 
C -3.132865 -3.124496 2.238288 H 2.213223 3.945571 0.048945 
C -4.561528 -0.971027 0.596505 H 1.895476 5.019897 1.418745 
C -0.980453 -4.564432 -0.431191 H 0.964769 5.189606 -0.076086 
C -3.14044 -3.174593 -2.10709 H -3.856777 2.297187 0.135742 
C -0.212414 -2.367379 -2.408465 H -4.166123 3.379567 -1.232952 
C 1.042273 2.110374 2.530187 H -3.443549 4.009812 0.25379 
C -1.142208 4.240077 2.26888 H -1.099564 5.190801 -1.489464 
C 1.418668 4.45922 0.604103 H -1.895979 4.524357 -2.919396 
C -3.458118 3.150193 -0.425929 H -0.196652 4.141841 -2.589079 
C -1.176381 4.29815 -2.121873 H -1.046943 1.123629 -2.964615 
C -1.960186 1.359929 -2.395836 H -2.690989 1.685015 -3.146695 
C 1.319857 -1.955693 2.541527 H -2.370808 0.431765 -1.970798 
C 4.253478 -1.125381 2.262878 H 1.112256 -1.032164 3.096796 
C 3.155794 -3.453655 0.606222 H 1.590271 -2.719812 3.281544 
C 4.448496 1.430283 -0.445583 H 0.387582 -2.287595 2.066423 
C 4.312247 -1.137812 -2.115912 H 5.150057 -1.069917 1.633181 
C 2.150227 0.999926 -2.407741 H 4.479364 -1.811367 3.089599 
H -1.442907 -0.479249 3.103817 H 4.088489 -0.130303 2.693009 
H -3.139282 -0.036127 3.29916 H 2.311624 -3.887948 0.056453 
H -2.159093 0.795953 2.092417 H 3.409369 -4.145526 1.42003 
H -3.546433 -3.914048 1.598689 H 4.011269 -3.424604 -0.078749 
H -3.837606 -2.975751 3.066685 H 3.904345 2.211124 0.098725 
H -2.194628 -3.500112 2.663821 H 5.005583 1.915045 -1.25792 
H -4.497423 -0.01854 0.056161 H 5.181793 1.000873 0.246609 
H -5.292076 -0.841921 1.405735 H 5.055674 -1.635032 -1.481292 
H -4.969197 -1.714063 -0.098957 H 4.858052 -0.635058 -2.924833 
H -0.033139 -4.478243 0.114156 H 3.690195 -1.920222 -2.566844 
H -0.835999 -5.293241 -1.239357 H 1.486525 0.321568 -2.966879 
H -1.719041 -4.982859 0.262047 H 2.794441 1.461974 -3.166078 
H -3.944628 -3.560177 -1.468833 H 1.553391 1.824483 -1.989686 
 
Table 4.8.2 Optimized coordinates of 4.2-N (gas phase). 
Ce 0.895669 -0.000671 0.001489 C -5.11778 -0.978348 2.428789 
N -1.319117 0.264661 1.101807 H -4.36329 -0.74216 3.185801 
N -1.317624 -0.270207 -1.099644 H -5.675371 -1.854937 2.784823 
N -3.480625 -0.000422 -0.000928 H -5.820721 -0.140028 2.385858 
N 2.088279 2.033315 0.133086 C 0.864698 2.761769 -2.4754 
N 2.092671 -2.031558 -0.134035 H 1.474534 2.099227 -3.101762 
Si -4.348227 1.379547 -0.744644 H 0.571605 3.616043 -3.099171 
Si -4.354771 -1.378022 0.739677 H -0.060531 2.226817 -2.224864 
Si 1.811294 3.37504 -0.941709 C 0.756083 4.752743 -0.164157 
Si 3.211835 2.094851 1.456117 H -0.228867 4.379707 0.141678 
Si 3.219979 -2.091342 -1.454064 H 0.592558 5.569892 -0.879239 
Si 1.814423 -3.373561 0.940079 H 1.233831 5.181411 0.724439 
C -2.042916 -0.00229 0.000508 C 3.407266 4.189101 -1.581384 
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C -1.889843 0.859494 2.311486 H 3.967227 4.690897 -0.782406 
H -2.975823 0.950889 2.193441 H 3.172212 4.948977 -2.338318 
C -1.613449 -0.020289 3.541203 H 4.078878 3.456183 -2.044611 
H -2.016721 -1.029738 3.415356 C 2.893496 0.563204 2.558284 
H -2.063404 0.419488 4.43954 H 1.886986 0.552677 3.002454 
H -0.535291 -0.113922 3.720294 H 3.595371 0.574446 3.401729 
C -1.319174 2.268946 2.545602 H 3.059935 -0.392355 2.041155 
H -0.230417 2.234543 2.673586 C 3.021341 3.617225 2.578444 
H -1.750477 2.717632 3.448947 H 3.267068 4.546102 2.049289 
H -1.530034 2.93082 1.700703 H 3.696504 3.545533 3.441152 
C -1.886698 -0.864469 -2.310364 H 1.99885 3.718102 2.9617 
H -2.974022 -0.946369 -2.198222 C 5.036222 2.008197 0.93413 
C -1.326716 -2.279454 -2.536979 H 5.242492 1.113252 0.334681 
H -0.23664 -2.255097 -2.655111 H 5.695323 1.978913 1.811691 
H -1.754282 -2.726107 -3.443108 H 5.325674 2.877335 0.332406 
H -1.551007 -2.937736 -1.692744 C 3.033516 -3.613839 -2.576885 
C -1.595897 0.009216 -3.541032 H 3.279182 -4.54253 -2.047379 
H -1.990596 1.022665 -3.420099 H 3.710211 -3.541378 -3.438328 
H -2.044982 -0.429017 -4.440538 H 2.011841 -3.715702 -2.962095 
H -0.515969 0.092566 -3.714755 C 5.042773 -2.00358 -0.92664 
C -3.171145 2.841761 -0.943393 H 5.246783 -1.108296 -0.326912 
H -2.885184 3.272852 0.021477 H 5.704401 -1.974144 -1.802294 
H -3.67094 3.630138 -1.520083 H 5.331043 -2.872335 -0.3238 
H -2.254495 2.573344 -1.476792 C 2.9034 -0.559906 -2.556555 
C -5.769239 1.918437 0.386038 H 1.89909 -0.552107 -3.005623 
H -6.551395 1.158704 0.489849 H 3.609704 -0.568122 -3.396341 
H -6.244104 2.812703 -0.037999 H 3.064126 0.395537 -2.037436 
H -5.414318 2.177336 1.389936 C 0.861018 -2.7612 2.470084 
C -5.098951 0.98515 -2.44046 H 1.467458 -2.097677 3.098728 
H -4.338361 0.760302 -3.19479 H 0.567127 -3.615916 3.092878 
H -5.661764 1.859518 -2.793698 H -0.064342 -2.227942 2.216312 
H -5.795144 0.140765 -2.406871 C 0.764437 -4.753345 0.159378 
C -3.180619 -2.840841 0.951445 H -0.218842 -4.381186 -0.152733 
H -2.889267 -3.276299 -0.009814 H 0.597342 -5.569287 0.875001 
H -3.68516 -3.626218 1.528089 H 1.247371 -5.183333 -0.725761 
H -2.266888 -2.571633 1.489398 C 3.409475 -4.184354 1.586101 
C -5.767604 -1.918127 -0.40067 H 3.973102 -4.685688 0.789421 
H -6.547678 -1.157385 -0.512644 H 3.173071 -4.944137 2.342711 
H -6.247356 -2.810667 0.02149 H 4.078177 -3.449954 2.05118 
H -5.404927 -2.179881 -1.401081     
 
Table 4.8.3 Optimized coordinates of 4.2-N using PCM model with toluene as solvent. 
Ce 0.874172 0.000047 0.000126 C -5.139605 -1.106464 2.372333 
N -1.341291 0.252682 1.103821 H -4.385396 -0.939644 3.147782 
N -1.341172 -0.252833 -1.103559 H -5.721639 -1.990324 2.665722 
N -3.502917 0.000132 -0.000042 H -5.820494 -0.249293 2.377738 
N 2.104409 2.032759 0.128487 C 0.958345 2.85576 -2.512631 
N 2.103992 -2.032901 -0.128557 H 1.573289 2.167195 -3.105375 
Si -4.370452 1.418265 -0.668046 H 0.755593 3.733005 -3.140725 
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Si -4.37081 -1.41783 0.667871 H -0.008758 2.370448 -2.330552 
Si 1.830931 3.404151 -0.911944 C 0.714341 4.727845 -0.120802 
Si 3.243724 2.092561 1.440896 H -0.272093 4.320887 0.134126 
Si 3.242969 -2.092989 -1.441274 H 0.55567 5.567753 -0.81041 
Si 1.830722 -3.404124 0.912152 H 1.149594 5.133218 0.800223 
C -2.065967 -0.000017 0.000074 C 3.425133 4.2869 -1.464282 
C -1.917358 0.791897 2.336131 H 3.959558 4.753777 -0.62779 
H -3.002105 0.895345 2.214627 H 3.184833 5.082867 -2.18157 
C -1.65605 -0.146995 3.525088 H 4.120517 3.595989 -1.956321 
H -2.057136 -1.148741 3.343489 C 2.962167 0.563835 2.553903 
H -2.118528 0.247306 4.43809 H 1.96652 0.54793 3.020367 
H -0.580224 -0.248735 3.713319 H 3.685456 0.58309 3.379023 
C -1.340633 2.184937 2.644018 H 3.118113 -0.390771 2.032508 
H -0.256176 2.134788 2.803444 C 3.059209 3.611925 2.570942 
H -1.792909 2.599242 3.553506 H 3.283869 4.546837 2.043108 
H -1.52247 2.884048 1.822612 H 3.75052 3.542339 3.421121 
C -1.917108 -0.791991 -2.335954 H 2.042411 3.69695 2.973677 
H -3.001892 -0.895257 -2.214608 C 5.064446 2.018428 0.898916 
C -1.340611 -2.185143 -2.643754 H 5.267115 1.129611 0.288923 
H -0.25609 -2.135268 -2.80278 H 5.729258 1.97995 1.771988 
H -1.792692 -2.599237 -3.553436 H 5.348029 2.894629 0.30507 
H -1.522912 -2.884301 -1.822493 C 3.057763 -3.612283 -2.571301 
C -1.65548 0.146837 -3.524892 H 3.282175 -4.547268 -2.04349 
H -2.056325 1.148686 -3.343327 H 3.748949 -3.542946 -3.421598 
H -2.11799 -0.247363 -4.437921 H 2.040863 -3.696951 -2.973843 
H -0.579617 0.24832 -3.713054 C 5.063845 -2.019328 -0.899784 
C -3.181188 2.877765 -0.81741 H 5.26687 -1.130656 -0.2897 
H -2.897044 3.278804 0.160813 H 5.728354 -1.980805 -1.773085 
H -3.6735 3.685134 -1.373852 H 5.347476 -2.895691 -0.306203 
H -2.264399 2.617261 -1.355517 C 2.961508 -0.564068 -2.554057 
C -5.776855 1.914077 0.49886 H 1.965719 -0.54773 -3.020189 
H -6.566827 1.158069 0.566369 H 3.684453 -0.583373 -3.379491 
H -6.243025 2.834337 0.123606 H 3.118014 0.390408 -2.032591 
H -5.413198 2.115861 1.512632 C 0.958433 -2.855426 2.512903 
C -5.138744 1.107035 -2.372749 H 1.573403 -2.166727 3.105455 
H -4.38434 0.939527 -3.147855 H 0.75583 -3.732601 3.14115 
H -5.720146 1.991147 -2.666619 H -0.008749 -2.370251 2.330852 
H -5.820133 0.250257 -2.378148 C 0.713923 -4.727943 0.121524 
C -3.181762 -2.87744 0.817798 H -0.27237 -4.320867 -0.133732 
H -2.896609 -3.278051 -0.160304 H 0.554942 -5.567467 0.811534 
H -3.674688 -3.685041 1.373357 H 1.149193 -5.133905 -0.799235 
H -2.26553 -2.617185 1.35696 C 3.425057 -4.286774 1.464242 
C -5.776909 -1.91363 -0.499419 H 3.959 -4.754209 0.627759 
H -6.566743 -1.157509 -0.567305 H 3.184995 -5.082283 2.182121 
H -6.243348 -2.833754 -0.124165 H 4.120763 -3.595667 1.95555 
H -5.412961 -2.115629 -1.513046     
 
Table 4.8.4 Optimized coordinates of 4.3-N (gas phase). 
Ce -0.000928 0.030706 0.022533 H 6.211112 -2.213874 -2.34167 
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Si 0.725528 3.90699 -1.223854 H 6.6715 -0.586169 -2.848424 
Si -0.796174 3.790464 1.397878 H 5.041068 -1.182157 -3.174917 
Si 5.323618 -0.43768 -0.774087 C 6.850436 -0.460134 0.349893 
Si 4.220034 -2.899005 0.793101 H 6.640386 -0.015582 1.329396 
Si -5.359271 -0.450727 0.517533 H 7.647728 0.132173 -0.117602 
Si -4.112559 -3.027213 -0.71929 H 7.252387 -1.46583 0.515159 
N -0.023916 2.998809 0.056654 C 2.56386 -3.780366 0.985213 
N 1.863333 -0.688583 -1.044577 H 1.807577 -3.147803 1.457691 
N 2.162828 -0.089965 1.118951 H 2.695122 -4.669236 1.615086 
N 3.975503 -1.305818 0.019343 H 2.168951 -4.114535 0.020363 
N -2.161671 -0.033079 -1.104448 C 5.325253 -3.987489 -0.296326 
N -1.839517 -0.795323 1.005616 H 4.912968 -4.110539 -1.304052 
N -3.948214 -1.360916 -0.097824 H 5.389012 -4.984773 0.158398 
C 1.003762 2.749544 -2.70944 H 6.350333 -3.61405 -0.393537 
H 1.573754 1.847816 -2.452761 C 5.049492 -2.808972 2.495886 
H 1.5779 3.264611 -3.49026 H 6.003766 -2.272805 2.467667 
H 0.05689 2.433259 -3.166137 H 5.256146 -3.828692 2.84738 
C 2.42586 4.619329 -0.756431 H 4.417497 -2.325956 3.247558 
H 2.353867 5.341355 0.065296 C -2.64591 -0.731649 -0.068393 
H 2.884119 5.134907 -1.610941 C -2.955038 0.29355 -2.286841 
H 3.114972 3.8281 -0.438943 H -3.871854 -0.309248 -2.292494 
C -0.320042 5.360234 -1.869656 C -2.169845 -0.027408 -3.568515 
H -1.319634 5.036458 -2.183938 H -1.249854 0.567778 -3.624175 
H 0.168457 5.822955 -2.737427 H -2.768322 0.202971 -4.458135 
H -0.44859 6.144222 -1.113563 H -1.887191 -1.083453 -3.611072 
C -1.128322 2.495382 2.754733 C -3.359526 1.779432 -2.283353 
H -1.741952 1.652719 2.413687 H -3.972468 2.023563 -1.410336 
H -1.679584 2.959067 3.582993 H -3.933117 2.033003 -3.183885 
H -0.201957 2.090063 3.183787 H -2.471894 2.421954 -2.250735 
C 0.249614 5.15542 2.212819 C -2.105696 -1.693984 2.129392 
H 1.234278 4.782988 2.519795 H -3.113911 -2.110817 2.027905 
H -0.256283 5.539118 3.108682 C -1.102381 -2.860142 2.132167 
H 0.414256 6.008158 1.542923 H -1.12978 -3.415679 1.189223 
C -2.476689 4.569991 0.965574 H -1.311566 -3.561047 2.950234 
H -2.369233 5.40967 0.269414 H -0.08414 -2.478274 2.267641 
H -2.976445 4.949776 1.866549 C -2.038416 -0.964881 3.480045 
H -3.148387 3.84214 0.495066 H -1.044296 -0.534863 3.648606 
C 2.665505 -0.696402 0.034874 H -2.241159 -1.66579 4.29898 
C 2.110291 -1.536942 -2.21173 H -2.768775 -0.15329 3.541333 
H 3.04852 -2.085608 -2.068183 C -4.789388 1.076317 1.469798 
C 0.978924 -2.564759 -2.373188 H -4.334607 0.819321 2.430737 
H 0.888146 -3.196352 -1.484249 H -5.661352 1.710376 1.674565 
H 1.157484 -3.214524 -3.239198 H -4.06864 1.681102 0.911514 
H 0.01969 -2.05769 -2.52324 C -6.38102 -1.528603 1.695028 
C 2.238555 -0.708966 -3.500822 H -6.837922 -2.39432 1.202843 
H 1.30319 -0.18302 -3.723991 H -7.198696 -0.927923 2.114199 
H 2.46579 -1.360069 -4.354089 H -5.778344 -1.896965 2.532986 
H 3.032111 0.040698 -3.423057 C -6.5201 0.130785 -0.865418 
C 2.955117 0.207364 2.309782 H -6.010451 0.764627 -1.598596 
H 3.963301 -0.207861 2.19605 H -7.332229 0.724963 -0.425742 
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C 2.312304 -0.427521 3.554318 H -6.981291 -0.70061 -1.407721 
H 1.316554 -0.003428 3.735085 C -2.594308 -3.503437 -1.73131 
H 2.920239 -0.240547 4.448073 H -2.525255 -2.940395 -2.666768 
H 2.196569 -1.509982 3.437505 H -2.658925 -4.568638 -1.987489 
C 3.095319 1.726102 2.514461 H -1.660498 -3.35282 -1.181608 
H 3.57968 2.201358 1.656561 C -4.304959 -4.323656 0.653079 
H 3.691201 1.944191 3.409563 H -3.404374 -4.412845 1.269688 
H 2.113712 2.197551 2.639001 H -4.485112 -5.305186 0.194305 
C 4.845481 1.363965 -1.066848 H -5.147116 -4.116479 1.32129 
H 3.896373 1.466955 -1.601019 C -5.636623 -3.172894 -1.836023 
H 5.622006 1.848899 -1.671697 H -6.582746 -3.04773 -1.297975 
H 4.765336 1.921127 -0.128191 H -5.651717 -4.175879 -2.28201 
C 5.848535 -1.185367 -2.436138 H -5.615613 -2.446122 -2.655568 
 
Table 4.8.5 Optimized coordinates of 4.4 (gas phase). 
Ce 0.004273 -0.000828 -0.000308 H -3.096708 0.187576 4.434444 
Si 1.380255 -5.346265 -0.524597 H -1.528282 -0.203965 3.712238 
Si 3.975985 -3.90193 0.397835 C -2.478936 2.176686 2.648769 
Si -5.336313 -1.45394 0.627013 H -1.393455 2.219463 2.774794 
Si -5.347379 1.398467 -0.626822 H -2.944353 2.537871 3.574912 
Si 1.323193 5.361372 0.525075 H -2.746031 2.863668 1.841874 
Si 3.932369 3.944145 -0.399747 C -4.173672 -2.939404 0.715204 
N 1.474365 -1.786581 -1.086316 H -4.037249 -3.407117 -0.264958 
N 0.857886 -2.173114 1.060565 H -4.602304 -3.695594 1.384918 
N 2.245698 -3.859785 -0.04077 H -3.186277 -2.674078 1.10308 
N -2.300624 -0.289204 -1.099343 C -6.081556 -1.199966 2.353378 
N -2.302947 0.256507 1.10188 H -5.314095 -1.107441 3.128529 
N -4.46656 -0.023902 0.000968 H -6.699166 -2.072159 2.606675 
N 1.455251 1.802201 1.085882 H -6.723985 -0.315785 2.411762 
N 0.830639 2.183105 -1.05986 C -6.7667 -1.903567 -0.533665 
N 2.20291 3.883855 0.039542 H -7.552461 -1.141502 -0.57658 
C 1.525352 -2.600434 -0.020893 H -7.235611 -2.829446 -0.175553 
C 2.249507 -2.043261 -2.29925 H -6.416053 -2.08531 -1.555907 
H 2.677446 -3.051582 -2.252471 C -4.2002 2.896705 -0.704746 
C 3.405862 -1.037211 -2.424087 H -4.085569 3.369662 0.275768 
H 3.015184 -0.016341 -2.472364 H -4.627111 3.645191 -1.384118 
H 3.995643 -1.221443 -3.331367 H -3.203561 2.64226 -1.075809 
H 4.079527 -1.092461 -1.563247 C -6.788492 1.832518 0.526906 
C 1.369119 -1.974358 -3.555928 H -7.570248 1.065818 0.561782 
H 0.589794 -2.741311 -3.541064 H -7.260558 2.756907 0.168998 
H 1.974057 -2.124714 -4.45859 H -6.44612 2.012792 1.552185 
H 0.880667 -0.99668 -3.642084 C -6.083627 1.140602 -2.356568 
C 0.746377 -2.982647 2.27272 H -5.313381 1.055935 -3.129774 
H 1.412644 -3.849609 2.192821 H -6.708187 2.007722 -2.610321 
C 1.169167 -2.183493 3.514816 H -6.718288 0.250973 -2.418132 
H 2.202944 -1.835624 3.435097 C 1.495537 2.616929 0.020761 
H 1.084749 -2.799663 4.418535 C 2.228876 2.067188 2.298 
H 0.527635 -1.305067 3.651103 H 2.645551 3.080233 2.251185 
C -0.688968 -3.502489 2.461477 C 1.350657 1.988264 3.555626 
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H -1.383572 -2.664194 2.573589 H 0.564233 2.747979 3.542957 
H -0.766014 -4.128032 3.360212 H 1.955236 2.142792 4.457818 
H -1.016896 -4.09693 1.603475 H 0.87129 1.006028 3.640717 
C -0.257124 -4.903603 -1.348237 C 3.396361 1.073879 2.421318 
H -0.862289 -4.221554 -0.743689 H 3.017004 0.048826 2.470714 
H -0.841114 -5.820196 -1.500739 H 3.985608 1.264893 3.327549 
H -0.110315 -4.437187 -2.326676 H 4.067975 1.136047 1.559335 
C 2.411617 -6.342277 -1.765754 C 0.709573 2.99182 -2.27165 
H 2.679603 -5.746841 -2.645788 H 1.367551 3.865157 -2.192422 
H 1.820261 -7.199561 -2.113244 C 1.138449 2.197514 -3.514793 
H 3.33598 -6.743834 -1.33578 H 2.175111 1.858201 -3.435789 
C 1.005527 -6.503263 0.931632 H 1.048707 2.814138 -4.417703 
H 1.910457 -6.854478 1.437535 H 0.504081 1.314086 -3.652241 
H 0.475452 -7.388976 0.556362 C -0.730879 3.498084 -2.458331 
H 0.364739 -6.032377 1.683773 H -1.41787 2.653461 -2.570048 
C 4.464057 -2.313741 1.290356 H -0.814953 4.123352 -3.356631 
H 4.124043 -1.415123 0.767808 H -1.063272 4.088967 -1.599613 
H 5.558089 -2.26389 1.360197 C -0.308337 4.902417 1.351253 
H 4.066348 -2.277682 2.309124 H -0.908993 4.216558 0.746558 
C 5.129302 -4.100388 -1.096759 H -0.900067 5.813442 1.507365 
H 4.926584 -5.009421 -1.67213 H -0.155325 4.435034 2.328299 
H 6.166199 -4.163803 -0.740014 C 2.346083 6.367472 1.76524 
H 5.07165 -3.250745 -1.784417 H 2.618674 5.775495 2.646206 
C 4.333923 -5.35807 1.558402 H 1.747558 7.220321 2.111379 
H 3.701554 -5.334618 2.452871 H 3.267276 6.77602 1.335076 
H 5.378893 -5.297368 1.889662 C 0.935709 6.515378 -0.93009 
H 4.205689 -6.335198 1.079681 H 1.836846 6.874983 -1.436852 
C -3.017342 -0.018869 0.001142 H 0.398197 7.396157 -0.553795 
C -2.922967 -0.77813 -2.329741 H 0.298271 6.039233 -1.681695 
H -4.011381 -0.800693 -2.204159 C 4.436059 2.362718 -1.295475 
C -2.462456 -2.208293 -2.649862 H 4.106948 1.459659 -0.773643 
H -1.377056 -2.242859 -2.778879 H 5.530424 2.324825 -1.367648 
H -2.927594 -2.571751 -3.575255 H 4.03672 2.323894 -2.313523 
H -2.722319 -2.89827 -1.843168 C 5.084442 4.152919 1.094475 
C -2.607834 0.143915 -3.517942 H 4.874519 5.061346 1.668248 
H -2.950937 1.166734 -3.333671 H 6.120727 4.22406 0.737406 
H -3.093731 -0.220093 -4.431905 H 5.033774 3.30414 1.783712 
H -1.528489 0.180995 -3.70798 C 4.27536 5.405687 -1.558087 
C -2.929186 0.742652 2.33146 H 3.644963 5.375839 -2.453744 
H -4.017729 0.75678 2.205652 H 5.321567 5.357397 -1.887467 
C -2.60776 -0.174893 3.521496 H 4.134962 6.380752 -1.078606 
H -2.943631 -1.200487 3.339284     
  
Table 4.8.6 Optimized coordinates of 4.6 (gas phase). 
Ce 0.002282 0.000092 -0.000094 H 3.574836 -1.174281 2.907728 
Si -1.457274 -0.871431 3.343229 H 2.683753 -1.395273 1.393516 
Si -2.885448 -2.028533 1.022881 C 4.627249 1.316266 1.277318 
Si 1.461988 3.367595 0.850874 H 5.002261 2.32746 1.468155 
Si 2.883716 1.049534 2.018223 H 4.651936 1.153767 0.195577 
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Si 2.881663 -1.04861 -2.02091 H 5.338169 0.612851 1.732221 
Si 1.462394 -3.367414 -0.852033 C 2.997934 -1.831937 -3.763378 
Si -2.887415 2.027496 -1.020295 H 3.152239 -2.916913 -3.723918 
Si -1.461172 0.870957 -3.3421 H 3.854282 -1.401004 -4.301049 
N -1.565015 -1.049244 1.610821 H 2.101444 -1.648142 -4.365391 
N 1.566551 1.635619 1.033905 C 4.626108 -1.313784 -1.281657 
N 1.565823 -1.635388 -1.035197 H 5.001648 -2.324867 -1.472018 
N -1.567335 1.048578 -1.609576 H 4.651726 -1.150377 -0.200074 
C -0.47749 -2.273669 4.194113 H 5.336125 -0.610258 -1.73779 
H -1.005451 -3.229242 4.085727 C 2.712219 0.818521 -2.326122 
H -0.371198 -2.073476 5.269335 H 1.812816 1.054649 -2.904249 
H 0.525826 -2.415289 3.780066 H 3.57078 1.175813 -2.910533 
C -3.122863 -0.860081 4.290585 H 2.680327 1.395863 -1.395863 
H -3.668409 -1.809748 4.24742 C 0.706784 -3.860846 0.819263 
H -3.79437 -0.071523 3.93145 H 1.459082 -3.757666 1.611577 
H -2.911304 -0.654704 5.349493 H 0.391186 -4.9129 0.801087 
C -0.698096 0.79829 3.839567 H -0.152004 -3.254647 1.117691 
H -1.452534 1.589981 3.748452 C 0.482782 -4.222967 -2.251655 
H 0.155403 1.104035 3.229292 H 1.010921 -4.117701 -3.207486 
H -0.373205 0.773027 4.888629 H -0.520421 -3.809009 -2.394577 
C -3.001215 -3.775132 1.797017 H 0.375799 -5.297513 -2.04832 
H -3.142721 -3.741394 2.883974 C 3.130454 -4.311039 -0.841471 
H -2.110338 -4.380823 1.599094 H 3.675966 -4.266653 -1.791119 
H -3.865538 -4.305457 1.372954 H 2.921388 -5.370479 -0.636268 
C -2.727234 -2.320712 -0.846649 H 3.801387 -3.950781 -0.052856 
H -1.819608 -2.880854 -1.094312 C -4.630437 1.288859 -1.298103 
H -2.714472 -1.385277 -1.415675 H -5.004864 1.491707 -2.307177 
H -3.578558 -2.91753 -1.200786 H -5.341722 1.735639 -0.589841 
C -4.628398 -1.290356 1.302391 H -4.655684 0.205358 -1.148281 
H -5.001776 -1.493772 2.311757 C -2.727696 2.319476 0.849172 
H -5.340219 -1.737102 0.59464 H -2.713652 1.383981 1.418062 
H -4.654176 -0.206808 1.153076 H -3.579255 2.915469 1.204118 
C 0.483488 4.222634 2.251593 H -1.820366 2.880408 1.096173 
H 1.012204 4.116574 3.207021 C -3.004204 3.774241 -1.793972 
H -0.519772 3.808944 2.394895 H -3.147404 3.740741 -2.880718 
H 0.376768 5.297352 2.048996 H -2.112961 4.379797 -1.597323 
C 3.129509 4.312201 0.838594 H -3.867814 4.304559 -1.368447 
H 3.675552 4.268766 1.787982 C -0.482592 2.273586 -4.193729 
H 2.919595 5.371368 0.632854 H -1.010497 3.229076 -4.084286 
H 3.800269 3.951914 0.049853 H -0.377641 2.073835 -5.269167 
C 0.704181 3.860551 -0.81957 H 0.521238 2.415153 -3.780917 
H 1.455746 3.758365 -1.612703 C -3.127652 0.859511 -4.287827 
H 0.387406 4.912234 -0.800819 H -3.673718 1.808793 -4.24287 
H -0.154276 3.253489 -1.117224 H -3.798326 0.070123 -3.928935 
C 3.0012 1.832712 3.76068 H -2.917142 0.655633 -5.347223 
H 3.153537 2.917963 3.721159 C -0.701771 -0.798423 -3.839131 
H 3.859079 1.403209 4.297048 H -1.455597 -1.590583 -3.747095 
H 2.105883 1.64724 4.363928 H 0.15254 -1.103496 -3.229634 
C 2.715774 -0.817702 2.323609 H -0.377921 -0.773149 -4.888514 
H 1.81678 -1.054252 2.902234     
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Table 4.8.7 Optimized coordinates of 4.7-N (gas phase). 
Ce 0.836085 0.012767 -0.32198 H 3.740977 -3.36743 -3.20227 
Si 1.469975 -3.0909 1.242475 H 2.294241 -4.02379 -2.42191 
Si -4.52771 1.249129 -0.65062 H 2.23974 -2.42786 -3.19657 
Si 3.405541 -2.30352 -0.97156 H -6.32336 1.345372 1.143633 
C 4.611988 -3.54373 -0.17729 H -6.22962 2.842489 0.21423 
Cl 1.365 0.225375 -2.88237 H -5.02449 2.503851 1.463828 
Si -4.26081 -1.38035 1.023456 H -3.11496 -1.48458 -1.83769 
Si 1.864514 3.339841 -0.7964 H -0.33155 -2.39543 -2.74797 
Si 2.997504 1.967044 1.671399 H -1.34763 -3.21898 -1.547 
C 4.474664 -0.77302 -1.30542 H -1.87031 -3.12401 -3.23869 
N -1.42412 -0.53408 -1.05814 H 3.754563 0.377978 3.39544 
C -2.08408 0.006554 -0.02066 H 2.144857 -0.10302 2.878108 
N -3.5126 -0.03071 0.101952 H 3.544245 -0.50437 1.87456 
C -3.45507 2.60899 -1.40597 H 0.509717 -5.40056 1.165859 
N 1.926687 1.907418 0.263427 H 1.667715 -5.17985 -0.1515 
N 2.005695 -1.89216 0.060088 H 0.044915 -4.49876 -0.2882 
C 0.051249 -2.37578 2.285517 H -5.04959 0.028737 -2.79146 
C 2.746686 -3.58013 2.564646 H -6.43345 -0.06859 -1.69213 
C 2.86139 -3.10215 -2.60104 H -6.09463 1.432682 -2.55402 
C -5.62722 2.046063 0.670378 H -1.16627 -0.16744 -3.79991 
N -1.26431 0.559873 0.89126 H -2.71363 0.51953 -3.27922 
C -2.09004 -1.25499 -2.15185 H -2.68883 -0.98072 -4.21977 
C -1.36409 -2.57819 -2.43361 H 5.414832 2.39884 2.107734 
C 3.110322 0.268911 2.512828 H 5.193736 1.822149 0.446714 
C 0.866514 -4.68703 0.411765 H 4.835976 3.504706 0.857812 
C -5.62721 0.581206 -2.04213 H -0.00924 2.552422 -2.32347 
C -2.16753 -0.41432 -3.43809 H -0.62701 3.565923 -0.99703 
C 4.771789 2.472517 1.220951 H 0.212354 4.297471 -2.36785 
C 0.200837 3.426358 -1.69925 H 1.186925 5.092011 0.905068 
C 1.977831 4.985053 0.154248 H 1.853631 5.801005 -0.5703 
C 2.404782 3.139889 3.04618 H 2.941479 5.140268 0.651102 
C 3.265968 3.345423 -2.06997 H 3.068338 3.027394 3.914141 
C -4.33642 -1.0364 2.883931 H 1.388587 2.903355 3.380278 
C -6.04064 -1.69451 0.459184 H 2.421377 4.193678 2.754896 
C -3.33815 -3.00053 0.720079 H 3.209393 2.472934 -2.72814 
C -1.4788 2.835836 1.85774 H 4.251902 3.348676 -1.59198 
C -1.75242 1.333624 2.038973 H 3.198327 4.244257 -2.69699 
C -1.11218 0.849156 3.348283 H -4.89106 -1.84451 3.37857 
H 4.175119 -4.53211 0.001111 H -3.34829 -0.98562 3.350656 
H 5.038876 -3.18474 0.765089 H -4.8582 -0.09751 3.103544 
H 5.443461 -3.68187 -0.88157 H -6.42729 -2.52087 1.070308 
H 4.98385 -0.44694 -0.39036 H -6.72139 -0.84931 0.597001 
H 3.926919 0.078312 -1.718 H -6.09433 -2.01148 -0.58712 
H 5.25217 -1.04005 -2.03352 H -3.69706 -3.75301 1.434039 
H -2.53104 2.241635 -1.85893 H -2.25539 -2.9272 0.838734 
H -3.1859 3.377168 -0.67528 H -3.53914 -3.38146 -0.28733 
H -4.03147 3.104354 -2.19738 H -1.81882 3.394576 2.738232 
H -0.4843 -3.20768 2.761289 H -0.40849 3.018348 1.72401 
H 0.447276 -1.75001 3.093462 H -1.99968 3.232177 0.983465 
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H -0.69306 -1.78068 1.749648 H -2.83574 1.192109 2.118505 
H 2.209859 -4.06641 3.390669 H -1.4962 1.431348 4.193962 
H 3.258555 -2.70464 2.979841 H -1.32111 -0.20623 3.538332 
H 3.508065 -4.27995 2.211649 H -0.02402 0.977262 3.323714 
 
Table 4.8.8 Optimized coordinates of 4.7-N using PCM model with n-pentane as solvent. 
Ce 0.830041 0.007055 -0.314507 H 3.730395 -3.373921 -3.205653 
Si 1.468925 -3.096878 1.244704 H 5.300349 -1.103528 -1.995806 
Si -4.514681 1.257362 -0.672834 H -2.47295 2.199308 -1.847623 
Si 3.406082 -2.318852 -0.967759 H -3.177855 3.387546 -0.745839 
C 4.603014 -3.569976 -0.175282 H -3.958684 3.039756 -2.287723 
Cl 1.369614 0.235083 -2.884301 H -0.482176 -3.233405 2.7595 
Si -4.279283 -1.362258 1.029699 H 0.422387 -1.757411 3.085092 
Si 1.899187 3.34538 -0.802049 H -0.716678 -1.816139 1.7409 
Si 2.970447 1.973891 1.683467 H 2.204388 -4.063999 3.398712 
C 4.495164 -0.804105 -1.311583 H 3.24177 -2.691783 2.992543 
N -1.426953 -0.549273 -1.055147 H 3.513013 -4.265534 2.228378 
C -2.089157 0.000378 -0.023135 H 3.730395 -3.373921 -3.205653 
N -3.516696 -0.028657 0.094623 H 2.287876 -4.03435 -2.419563 
C -3.415052 2.584838 -1.450383 H 2.228223 -2.434691 -3.186427 
N 1.917564 1.91392 0.261305 H -6.299859 1.408645 1.127267 
N 2.009208 -1.89848 0.062507 H -6.188572 2.889056 0.172044 
C 0.038429 -2.394172 2.279862 H -4.982164 2.552601 1.42164 
C 2.741941 -3.57346 2.57571 H -3.12074 -1.500444 -1.826255 
C 2.853994 -3.111974 -2.598292 H -0.343532 -2.436059 -2.729598 
C -5.596234 2.091368 0.639014 H -1.359817 -3.238362 -1.514175 
N -1.269707 0.558734 0.886042 H -1.888009 -3.162628 -3.204962 
C -2.094814 -1.279052 -2.141968 H 3.71306 0.389862 3.416298 
C -1.37602 -2.608995 -2.408922 H 2.099676 -0.083194 2.901287 
C 3.068157 0.279646 2.534341 H 3.497191 -0.500125 1.90051 
C 0.879716 -4.699102 0.414934 H 0.525537 -5.41211 1.17079 
C -5.625266 0.586448 -2.053365 H 1.685155 -5.18839 -0.14523 
C -2.167998 -0.452715 -3.43763 H 0.057975 -4.517188 -0.286615 
C 4.75538 2.464289 1.255307 H -5.053814 0.023329 -2.799622 
C 0.262512 3.476679 -1.747041 H -6.435263 -0.053937 -1.695062 
C 2.026729 4.990416 0.148492 H -6.086656 1.438171 -2.570293 
C 2.371881 3.156794 3.047312 H -1.165374 -0.21303 -3.800678 
C 3.327757 3.319188 -2.046534 H -2.710855 0.484768 -3.290215 
C -4.331851 -1.011038 2.889601 H -2.690248 -1.026437 -4.213226 
C -6.068113 -1.647798 0.481476 H 5.382677 2.393506 2.153559 
C -3.383406 -2.997776 0.727705 H 5.185254 1.803591 0.494081 
C -1.49538 2.843617 1.828839 H 4.83323 3.492457 0.883841 
C -1.760369 1.341938 2.026542 H 0.083946 2.639621 -2.4285 
C -1.118495 0.871675 3.339993 H -0.590009 3.564712 -1.06583 
H 4.155052 -4.551091 0.014892 H 0.287792 4.389537 -2.357078 
H 5.041799 -3.208549 0.760768 H 1.218019 5.115863 0.877393 
H 5.426677 -3.723514 -0.885574 H 1.939042 5.8061 -0.58171 
H 4.968543 -0.444686 -0.389838 H 2.979293 5.126463 0.671407 
H 3.96852 0.032372 -1.778527 H 3.021884 3.036169 3.924433 
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H 5.300349 -1.103528 -1.995806 H 1.347959 2.934341 3.366725 
H -2.47295 2.199308 -1.847623 H 2.406941 4.209632 2.754489 
H -3.177855 3.387546 -0.745839 H 3.274942 2.436085 -2.690923 
H -3.958684 3.039756 -2.287723 H 4.303553 3.319642 -1.548161 
H -0.482176 -3.233405 2.7595 H 3.28217 4.208214 -2.689426 
H 0.422387 -1.757411 3.085092 H -4.899571 -1.80696 3.389138 
H -0.716678 -1.816139 1.7409 H -3.338805 -0.981601 3.347693 
H 2.204388 -4.063999 3.398712 H -4.831668 -0.060902 3.111883 
H 3.24177 -2.691783 2.992543 H -6.46518 -2.45928 1.105649 
H 3.513013 -4.265534 2.228378 H -6.730678 -0.787543 0.614886 
 
Table 4.8.9 Optimized coordinates of 4.9-N (anion only) using PCM model with dichloromethane 
as solvent. 
Ce 0.791567 -0.026567 -0.345549 H 5.240833 1.594915 0.805400 
Cl 1.182823 0.24095 -3.103704 H 5.363616 2.354134 2.402216 
Si 2.130687 3.401569 -0.834538 H 5.02509 3.340525 0.972033 
Si 3.559211 -2.348938 -0.936867 H -2.994706 1.459447 1.907946 
Si 1.721811 -3.180937 1.283917 H 5.357823 -1.036459 -2.067953 
Si -4.386361 1.25929 -0.995402 H 3.901998 -0.040703 -1.935667 
Si -4.668091 -1.002879 1.127008 H 4.940552 -0.284583 -0.519682 
Si 2.945037 2.098798 1.731827 H 1.678655 5.39442 0.677212 
N 2.196708 -2.008998 0.094903 H 2.508327 5.870378 -0.811333 
N -3.662765 0.037893 0.08922 H 3.424017 5.148034 0.516482 
N 2.010713 2.061623 0.271557 H -3.395728 -1.688552 -1.582244 
N -1.404566 0.635891 0.81626 H 2.495566 -4.095373 3.483411 
N -1.5986 -0.962856 -0.77065 H 3.885353 -3.925492 2.401901 
C 3.046926 -3.202482 -2.563223 H 3.214014 -2.501032 3.208164 
C -5.499692 -2.433928 0.196793 H -4.389233 3.225916 0.588317 
C -5.78805 0.496079 -2.02135 H -5.992011 2.47763 0.539022 
C -1.593494 3.025486 1.468251 H -5.449999 3.49328 -0.80179 
C 1.388721 -4.922176 0.569105 H -6.595607 -0.636893 2.63254 
C 4.816323 2.375316 1.449743 H -5.682091 0.871602 2.472513 
C -1.905055 1.562004 1.82715 H -6.806645 0.367905 1.197571 
C 4.519965 -0.774456 -1.40716 H 3.336471 2.31534 -2.756953 
C 2.470873 5.104576 -0.024049 H 3.599303 4.069148 -2.771886 
C -2.319749 -1.897739 -1.628933 H 4.49842 3.046539 -1.636993 
C 2.953022 -3.448499 2.721716 H -2.415409 -3.469535 -0.104759 
C -5.121533 2.744446 -0.068493 H -1.039293 -3.610385 -1.208045 
C -6.064967 0.006974 1.918799 H -2.666049 -4.054894 -1.763289 
C 3.523607 3.18734 -2.120288 H -1.483271 0.190153 3.4784 
C -2.101027 -3.344138 -1.146186 H -1.71471 1.879665 3.982021 
C -1.295042 1.232135 3.201243 H -0.209698 1.385652 3.186908 
C 0.106007 -2.659589 2.143067 H -0.259795 -3.483042 2.770704 
C -3.083125 1.928228 -2.184824 H -0.683247 -2.417992 1.422935 
C 4.90004 -3.478288 -0.169975 H 0.24271 -1.790917 2.799158 
C 0.523673 3.696602 -1.813153 H -2.670072 1.149964 -2.832409 
C 2.412066 3.418178 3.010981 H -3.547403 2.688498 -2.825941 
C -3.652532 -1.751359 2.531538 H -2.247927 2.402645 -1.661322 
C -2.216364 -0.110177 0.05249 H 5.706292 -3.619441 -0.903054 
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C -1.886045 -1.784456 -3.099164 H 4.530787 -4.473605 0.103403 
C 2.824857 0.463878 2.703366 H 5.347376 -3.03233 0.726587 
H 2.36078 -2.564074 -3.132037 H 0.223136 2.821589 -2.39913 
H 2.539715 -4.156899 -2.372728 H 0.668598 4.52865 -2.516132 
H 3.917831 -3.410042 -3.200134 H -0.305267 3.968507 -1.148834 
H -6.188491 -2.951408 0.878183 H 2.962669 3.271344 3.95075 
H -4.777636 -3.172925 -0.165279 H 1.342273 3.339431 3.242155 
H -6.084464 -2.08908 -0.662745 H 2.600838 4.442723 2.674374 
H -6.627467 0.146995 -1.409297 H -4.278467 -2.480071 3.062818 
H -5.434595 -0.350115 -2.621822 H -2.759358 -2.27604 2.180635 
H -6.182974 1.253172 -2.711407 H -3.334715 -0.99601 3.257595 
H -0.513371 3.165762 1.354378 H -2.42086 -2.523461 -3.709866 
H -1.952423 3.704995 2.252554 H -0.810478 -1.95802 -3.207152 
H -2.07066 3.314125 0.526373 H -2.097687 -0.791649 -3.506691 
H 1.089597 -5.616931 1.366076 H 3.090721 -0.408423 2.097844 
H 0.581386 -4.905116 -0.173154 H 3.514623 0.505387 3.557219 
H 2.27366 -5.346808 0.079355 H 1.82091 0.289322 3.112438 
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Chapter 5. Photochemistry of Hexahalocerate 
Anions in Acetonitrile 
5.1 Introduction. In the previous chapter, we demonstrated that luminescent CeIII guanidinate-
amide complexes act as molecular photosensitizers in their 2D excited states to effect chemical 
transformations upon visible light irradiation. One drawback of the metal-centered doublet excited 
states of these CeIII photosensitizers was that they were not sufficiently potent for the reduction of 
aryl chlorides.1 In addition, the oxygen and moisture sensitivity of the guanidinate-amide 
cerium(III) photosensitizers required rigorous exclusion of air for their preparation and use; the 
high pKas of the guandinate, amide and aryloxide ligands limited the utility of the 
photosensitizers. 
Although molecular CeIII emitters are rare,2-8 a large number of Ce3+ doped solid-state 
materials have been reported.9 Materials doped with Ce3+ cations were widely studied as 
phosphors for lighting.10,11 The radioluminescent properties also allowed the applications of LaCl3, 
LaBr3 and LuI3 crystals doped with Ce3+ cations as scintillation materials for γ-ray detection.12 In 
the later examples, Ce3+ cations resided in octahedral sites surrounded by six halide anions and 
emitted from their T2g* excited state (in idealized Oh symmetry). Inspired by the Ce3+ doped 
lanthanide(III) tris-halides materials, we sought to develop molecular analogues for 
photochemistry. In this chapter, we report the use of [CeX6]3− (X = Cl, Br) anions as potent 
photoreductants upon excitation with UVA light (315−400 nm). These species are stable in air 
and are readily accessible by dissolving the corresponding CeX3 salts in acetonitrile solution in 
the presence of excess NEt4X. 
5.2 Hexachlorocerate(III) and Hexabromocerate(III) anions. 
5.2.1 Synthesis and Characterizations. In a previous report, [NEt4]2[CeIVCl6] was 
demonstrated to undergo photo-reduction in acetonitrile solution, leading to CeIII species and 
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putative Cl2−● anion radicals.13 To identify the transitions responsible for the [CeIVCl6]2− 
photoreduction, we carried out time dependent density functional theory (TD-DFT) studies on the 
[CeIVCl6]2− anion at the B3LYP level of theory. To afford compact representation of transitions, the 
geometry for the [CeIVCl6]2− anion was restricted to an idealized octahedron. The predicted 
absorption spectra for the [CeIVCl6]2− anion in the gas phase is qualitatively similar to the 
experimental absorption spectra of [NEt4]2[CeCl6] collected in acetonitrile (Figure 5.2.1). The 
calculated lowest energy transition at 478 nm was identified as the ligand-to-metal charge 
transfer (LMCT) transition from triply degenerate orbitals with predominantly Cl p-character (t1g in 
idealized Oh symmetry, Figure 5.2.2) to CeIV 4f orbitals. In addition, the computed transitions at 
344 nm and 295 nm were assigned as LMCT transitions to the CeIV 4f orbtials from Ce−Cl π 
orbitals (t2g in idealized Oh symmetry) and Ce−Cl σ* orbitals (eg and a1g in idealized Oh symmetry, 
Figure 5.2.2), respectively. Thus, we hypothesized that visible light photolysis of [CeIVCl6]2− would 
lead to transient {Cl5CeIII •Cl} species. Trapping of the dissociated Cl• (or Cl2●−) radicals with 
activated C−H bonds such as benzylic C−H bonds should lead to the formation of CeIII species. 
 
Figure 5.2.1 Experimental (black solid line, collected in acetonitrile) and DFT predicted (red 
dashed line, gas phase) absorption spectra of [CeIVCl6]2− anion. Oscillator strengths associated 
with the electronic transitions are shown as red vertical lines. 
 
 





Figure 5.2.2 Calculated frontier molecular orbitals for [CeIVCl6]2− anion in idealized octahedral 
symmetry. 
 
Based on these results, we carried out the synthesis of [NEt4][CeCl6] (5.1-Cl) through 
photo-reduction of [NEt4]2[CeIVCl6] in the presence of toluene as a trap for Cl• (or Cl2●−) radicals. 
Irradiation of a MeCN:toluene (4:1) solution containing [NEt4]2[CeIVCl6] and one equiv NEt4Cl 
under N2 atmosphere with household visible light compact fluorescent lamps (CFLs) led to a 
colorless solution. Analysis of the reaction mixture by gas chromatography revealed the 
production of ~0.5 equiv PhCH2Cl and trace amount of PhCH2CH2Ph (Figure 5.2.3). Colorless 
crystals of [NEt4]3[CeIIICl6] (5.1-Cl) were obtained by MeCN/Et2O vapor diffusion. An X-ray 
crystallography study carried out on 5.1-Cl revealed the octahedral coordination geometry for the 
[CeIIICl6]3− anion. The average Ce−Cl bond length at 2.7797(7) Å in 5.1-Cl was ~ 0.1 Å longer 
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than that at 2.6084(7) Å observed in [NEt4]2[CeIVCl6]. This result was consistent with the 
difference in ionic radius between Ce3+ (1.01 Å) and Ce4+ (0.87 Å) cations.14 
 
Figure 5.2.3 Synthesis of 5.1-Cl. 
 
The bromine analogue of 5.1-Cl was readily prepared by stirring an acetonitrile solution 
of CeBr3 and 3 equiv NEt4Br. Vapor diffusion of the resulting colorless acetonitrile solution with 
Et2O afforded crystals of [NEt4]3[CeIIIBr6] (5.1-Br). 
 
Figure 5.2.4 Thermal ellipsoid plot of 5.1-Cl•4MeCN at the 30% probability level. [NEt4]+ counter 
cations and interstitial MeCN are omitted for clarity. Bond lengths (Å): Ce(1)−Cl(1) 2.7790(6), 








Figure 5.2.5 Thermal ellipsoid plot of 5.1-Br at the 30% probability level. [NEt4]+ countercations 
are omitted for clarity. Bond lengths (Å): Ce(1)−Br(1) 2.9484(3), Ce(1)−Br(2) 2.9249(3), 
Ce(1)−Br(3) 2.9134(3). 
 
5.2.2 Absorption and Fluorescence Spectroscopy.  With 5.1-Cl and 5.1-Br in hand, we set 
out to investigate their spectroscopic properties. We noted that the acetonitrile solution of 5.1-Cl 
was weakly purple emitting upon UV light (365 nm) irradiation. The emission spectra of 5.1-Cl in 
acetonitrile featured three emission maxima at 356, 395 and 442 nm (Figure 5.2.6, green trace). 
The number of observed emission bands was more than that could be explained by the 5d→4f 
emissive transitions from a single Ce3+ cation in an octahedral geometry. This result indicated 
that more than one emissive CeIII species were in equilibrium in acetonitrile solution. 
In order to favor one species, excess NEt4Cl was added to the acetonitrile solution of 5.1-
Cl resulting in a simple emission spectrum (Figure 5.2.6, blue trace). A comparison of the 
resulting solution emission spectrum with solid-state emission spectra of 5.1-Cl confirmed the 
identity of the predominant emissive CeIII species in the presence of excess NEt4Cl to be the 
[CeIIICl6]3− anion (Figure 5.2.7). The emission spectrum corresponding to [CeCl6]3− was 
deconvoluted into a pair of Gaussian bands consistent with the emission from a single long-lived 
2D excited state to the 2F ground manifold split by spin-orbit coupling (Figure 5.2.8). In addition, 
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the [CeIIICl6]3− anion could be formed by dissolving CeCl3 in acetonitrile solution containing 
excess (~15 eq) NEt4Cl (Figure 5.2.9).15 
 
Figure 5.2.6 Absorption (solid lines, ε per CeIII) and emission (dashed lines) spectra of 
acetonitrile solution of 5.1-Cl (green), 5.1-Cl with 100 eq NEt4Cl (blue), and 5.2-Cl (yellow). 
 
 
Figure 5.2.7 Emission spectra of 5.1-Cl with 100 eq NEt4Cl in acetonitrile (black solid line), 5.1-Cl 
powder dispersed in mineral oil (blue dashed line) and 5.1-Cl powder loaded on black electric 








Figure 5.2.8 Deconvolution of emission spectra collected in acetonitrile for 5.1-Cl with 100 eq 
NEt4Cl. Two Gaussian bands (red solid lines) were applied for each fitting, featuring transitions to 
2F5/2 and 2F7/2. Sum of the fit (blue solid lines) was in good agreement with experimental spectra 
(black dashed lines). 
 
 
Figure 5.2.9 Emission spectra of 5.1-Cl with 100 eq NEt4Cl in acetonitrile (black solid line) and 
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In our efforts to determine the identity of the other emissive species in equilibrium with 
[CeIIICl6]3−, we set out to react 5.1-Cl with CeCl3. Vapor diffusion of Et2O into acetonitrile solution 
containing 5.1-Cl and 1 equiv CeCl3 resulted in the isolation of crystalline solids (Figure 5.2.10). 
Although the weakly diffraction nature of the resulting crystals prevented the determination of 
their solid-state structure, their chemical composition was suggested by elemental analysis as 
[NEt4]3[Ce2Cl9] (5.2-Cl). The attempts in crystalizing [Ce2Cl9]3− anion with [PPh4]+ and 
[Ph3P=N=PPh3]+ cations all resulted in the precipitation of amorphous materials. Dissolution of 
5.2-Cl in acetonitrile led to the observation of the emission band at 442 nm (Figure 5.2.6, yellow 
trace). 
 
Figure 5.2.10 Synthesis of 5.2-Cl. 
  
A similar equilibrium of emissive CeIII species in acetonitrile solution was also evident 
with 5.1-Br. Dissolution of 5.1-Br in acetonitrile afforded predominantly one species with an 
emission maxima at 425 nm (Figure 5.2.11, purple trace). Upon addition of excess NEt4Br, the 
equilibrium was shifted to [CeIIIBr6]3− (Figure 5.2.11, red trace), which was identified by comparing 








Figure 5.2.11 Absorption (solid lines, ε per CeIII) and emission (dashed lines) spectra of 
acetonitrile solution of 5.1-Br (purple) and 5.1-Br with 100 eq NEt4Br (red). 
 
 In an effort to understand the orbital composition for the 2D long-lived excited states in 
[CeIIIX6]3− (X = Cl, Br) anions, we performed TD-DFT studies on these anions. The overlay of DFT 
predicted and experimental absorption spectra for [CeIIICl6]3− are shown in Figure 5.2.12. The 
calculated absorptive transition at 295 nm was identified to be from CeIII 4f orbitals to the Ce−Cl 
π-antibonding orbitals with predominant CeIII 5dxy, 5dyz and 5dxz character (t2g* in idealized Oh 
symmetry). The excitation spectra of [CeIIIX6]3− (X = Cl, Br) anions demonstrated intense bands, 
overlapping with their lowest energy absorption band. This result allowed us to conclude that the 
CeIII antibonding 5dxy, 5dyz and 5dxz orbitals (t2g* in idealized Oh symmetry) corresponded to the 
long-lived excited states for these trianionic species. The lifetime of the corresponding 2D excited 
states were determined to be 22 ns for [CeIIICl6]3− and 36 ns for [CeIIIBr6]3−. A summary of 








Figure 5.2.12 Experimental (black solid line, collected in acetonitrile) and DFT predicted (red 
dashed line, gas phase) absorption spectra of [CeIIICl6]3− anion. Oscillator strengths associated 
with the electronic transitions are shown as red vertical lines. 
 
Table 5.2.1 Summary of spectroscopic data. 













λemi /nm 356 442 367 425 
































Figure 5.2.13 Lifetime data of 5.1-Cl in 0.1 M NEt4Cl acetonitrile solution. (left) Time-resolved 
emission intensity decay of 5.1-Cl in 0.1 M NEt4Cl acetonitrile solution shown in black trace. The 
decay data was collected at 385 nm upon 340 nm excitation. A single exponential fit from 35 ns to 
175 ns is given as blue lines, affording τ = 22.1 ± 0.1 ns. (right) The ln(counts) versus time plot of 
time-resolved emission intensity decay for 5.1-Cl in 0.1 M NEt4Cl acetonitrile is shown in the 
black trace with the model shown as the blue solid line (R2 = 0.9962). 
 
 
Figure 5.2.14 Lifetime data of 5.1-Cl in acetonitrile solution.(left) Time-resolved emission intensity 
decay of 5.1-Cl in acetonitrile solution shown in black trace. The decay data was collected at 385 
nm upon 340 nm excitation. A single exponential fit from 35 ns to 175 ns is given as blue lines, 
affording τ = 48.5 ± 0.1 ns. (right) The ln(counts) versus time plot of time-resolved emission 
intensity decay for 5.1-Cl in acetonitrile is shown in the black trace with the model shown as the 








Figure 5.2.15 Lifetime data of 5.1-Br in 0.1 M NEt4Br acetonitrile solution. (left) Time-resolved 
emission intensity decay of 5.1-Br in 0.1 M NEt4Br acetonitrile solution shown in black trace. The 
decay data was collected at 400 nm upon 340 nm excitation. A single exponential fit from 35 ns to 
175 ns is given as blue lines, affording τ = 35.5 ± 0.1 ns. (right) The ln(counts) versus time plot of 
time-resolved emission intensity decay for 5.1-Br in 0.1 M NEt4Br acetonitrile is shown in the 
black trace with the model shown as the blue solid line (R2 = 0.9986). 
 
 
Figure 5.2.16 Lifetime data of 5.1-Br in acetonitrile solution.(left) Time-resolved emission 
intensity decay of 5.1-Br in acetonitrile solution shown in black trace. The decay data was 
collected at 425 nm upon 340 nm excitation. A single exponential fit from 35 ns to 170 ns is given 
as blue lines, affording τ = 26.79 ± 0.04 ns. (right) The ln(counts) versus time plot of time-
resolved emission intensity decay for 5.1-Br in acetonitrile is shown in the black trace with the 
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5.3 Photochemistry of Hexachlorocerate Anions. 
5.3.1 Estimated Excited-State Reduction Potentials. Given the small Stokes shifts observed 
for the [CeIIICl6]3− (27 nm) and [CeIIIBr6]3− (24 nm), we expected very little energy loss from 
geometrical and vibrational relaxation processes in their excited states. Thus, we expected the 
[CeIIIX6]3− anions to be powerful photoreductants.  
The cyclic voltammetry of [NEt4]2[CeIVCl6] or 5.1-Cl collected in acetonitrile using 
[NnBu4][PF6] as supporting electrolyte demonstrated a single cathodic wave and multiple anodic 
features (Figure 5.3.1). This result was consistent with the solution equilibrium between CeIII 
species. In order to obtain clear electrochemical data for the [CeIIICl6]3− species, NEt4Cl was used 
as supporting electrolyte in the cyclic voltammetry study of 5.1-Cl, leading to the observation of 
[CeIVCl6]3−/[CeIIICl6]3− couple with E1/2 = + 0.03 V versus Cp2Fe+/0 (Figure 5.3.2). Combining the 
ground-state electrochemical data and spectroscopic data, we estimated the reduction potential 
of [CeIIICl6]3− in its long-lived 2D excited state to be -3.45 V versus Cp2Fe+/0 following the Rehm-
Weller formalism.16,17  
 
Figure 5.3.1 Cyclic voltammetry of 5.1-Cl in 0.1 M [NnBu4][PF6] acetonitrile solution at a scan rate 
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of 0.5 V s-1. 
 
 
Figure 5.3.2 Cyclic voltammetry of 5.1-Cl in 0.1 M NEt4Cl acetonitrile solution at a scan rate of 
0.5 V s-1. 
 
 On the other hand, the cyclic voltammetry of 5.1-Br in acetonitrile using [NnBu4][PF6] as 
supporting electrolyte showed multiple oxidation features without obvious return reduction waves 
(Figure 5.3.3). This result was consistent with the instability of the corresponding CeIV species: 
The wine-red [CeIVBr6]2− species was reported to have only transient stability at room 
temperature.15 An attempt to use NEt4Br as supporting electrolyte in the electrochemical 








Figure 5.3.3 Cyclic voltammetry of 5.1-Br in 0.1 M [NnBu4][PF6] acetonitrile solution at a scan rate 
of 0.5 V s-1. 
 
5.3.2 Photo-Reduction Reactivity of [CeCl6]3−. As the [CeIIICl6]3− anion was predicted to be a 
powerful photo-reductant, we next set out to investigate the its photoreduction reactivity with 
substrates bearing C−Cl bonds, including benzyl chloride and aryl chloride.  
 Irradiation of a colorless acetonitrile-d3 solution containing 5.1-Cl in the presence of 
excess NEt4Cl and benzyl chloride with narrow band UVA light source (350 nm) led to a gradual 
color change to yellow. The yellow product was determined by electronic absorption spectroscopy 
to be [CeIVCl6]2−, confirming the oxidation of [CeIIICl6]3− anions (Figure 5.3.4). The organic product 
was identified to be bibenzyl by 1H NMR spectroscopy and gas chromatography/mass 
spectrometry (GC-MS). The necessity of CeIII species and light in the photo-reduction reaction of 
benzyl chloride was evident from control experiments: no bibenzyl formation was detected by 1H 








Figure 5.3.4 Photoreduciton of benzyl chloride and aryl chloride with [CeIIICl6]3− anion. 
 
The [CeIIICl6]3− anion was also capable of reducing aryl chloride substrate upon UVA light 
irradiation. No reaction was observed by storing an acetonitrile-d3 solution containing 5.1-Cl in the 
presence of excess NEt4Cl and 4-chloro-fluorobezene in dark. However, irradiating the reaction 
mixture with 23 W black light compact fluorescent lamps resulted in the formation of yellow 
[CeIVCl6]2− species. Five new resonances were observed in 19F NMR spectrum of the reaction 
mixture, suggesting the formation of multiple products. These products were assigned based on 
GC-MS data to be 1-deutero-4-fluorobenzene, 4-chloro-1-fluoro-2-(4-fluorophenyl)benzene and 
4-chloro-1-fluoro-3-(4-fluorophenyl)benzene (Figure 5.3.4). These products were likely resulted 
from 4-fluorophenyl radical intermediate formed through the reduction of 4-chloro-1-fluorobezene 
with [CeIIICl6]3− anion in its 2D excited state. Hydrogen atom abstraction reaction of 4-fluorophenyl 
radical intermediate with CD3CN afforded 1-deutero-4-fluorobenzene, while radical nucleophilic 
aromatic substitution (SRN1) reaction of 4-fluorophenyl radical intermediate with 4-chloro-1-
fluorobenzene substrate led to 4-chloro-1-fluoro-2-(4-fluorophenyl)benzene and 4-chloro-1-fluoro-
3-(4-fluorophenyl)benzene. To further confirm the formation of aryl radical in the reaction, the 
same reactions were carried out in the presence of 1,1'-diphenylethene or benzene. The 
corresponding radical trapped products, 1,1'-diphenyl-2-(4-fluorophenyl)ethane and 4-
fluorobiphenyl were detected by GC-MS. As a control experiment, we also carried out the 
reaction under the same condition but without 5.1-Cl. No product formation was detected by 19F 
NMR spectroscopy, suggesting the role of [CeIIICl6]3− anions as photoreductants.  
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When the reaction aryl chloride reduction reaction was carried out with low concerntration 
of aryl chloride (< 7 mM), the formation of biphenyl byproducts could be avoided. Therefore, 
irradiation of an 0.1 M NEt4Cl acetonitrile solution containing 4-chlorofluorobenzne (6.7 mM) and 
1 equivalent CeCl3 with black light compact fluorescent lamps for 40 h resulted in the formation of 
fluorobenzene as the sole organic product (entry 1, Table 5.3.1). However, no reaction was 
observed for aryl fluoride substrate (entry 9, Table 5.3.1). Aryl bromide and aryl iodide substrate 
could also be reduced under the same reaction condition (entry 10-11, Table 5.3.1). More 
satisfyingly, we found the reactions still proceeded even in the presence a large quantity of 
moisture (entry 6, Table 5.3.1). 
Table 5.3.1 Dehalogenation reactions of aryl halides using stoichiometric amount of CeCl3 upon 
UVA irradiation. 
     
Entry X = variations from above conditions Yielda /% 
1 Cl none 67 (69c) 
2 Cl no CeCl3 n. r. 
3 Cl LaCl3 instead of CeCl3 n. r. 
4 Cl Ce(OTf)3 instead of CeCl3 70 
5 Cl no NEt4Cl n. r. 
6 Cl NEt4Cl•H2O instead of NEt4Cl 45 
7 Cl KCl instead of NEt4Cl n. r. 
8 Cl In dark instead of UVA light n. r. 
9 F none n. r. 
10 Br none 87c 
11 I none >95c 
12 Br CeBr3 and NEt4Br instead 12 
a. Conditions: 0.2 mmol substrate, 0.2 mmol CeCl3, 30 mL CH3CN solution of 0.1 
NEt4Cl irradiated by two 23 W black light compact fluorescent lamps. 
b. Yield determined by 19F NMR integrated using p-fluorotoluene as internal standard. 
c. Reaction conducted in quartz glass bombs. 
 
To further understand the interaction between substrates and [CeIIICl6]3− in its 2D excited 
state, we carried out Stern-Volmer quenching experiments for [CeIIICl6]3− anion using F-C6H4-X (X 
= F, Cl, Br, I) as quenchers (Figure 5.3.5). The quenching rates were found to be 9.3 × 108 M-1 s-1 
for 1,4-difluorobenzene, 2.7 × 109 M-1 s-1 for 4-chloro-1-fluorobenzene, 3.0 × 109 M-1 s-1 for 4-
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bromo-1-fluorobenzene and 1.09 × 1010 M-1 s-1 for 4-fluoro-1-iodobenzene. The high quenching 
rate at 2.7 × 109 M-1 s-1 observed for 4-chloro-1-fluoroebenzene indicated the aryl chloride 
substrate interacted strongly with [CeIIICl6]3− anion in its long-lived 2D excited state. 
 
Figure 5.3.5 Stern-Volmer plots of [CeIIICl6]3− anion in acetonitrile with F−C6H4X (X = F, Cl, Br, I) 
as quenchers. Conditions for [CeIIICl6]3− anion formation: acetonitrile solution containing 3 mM 
5.1-Cl and 0.1 M NEt4Cl. All emission spectra were collected using excitation wavelength of 315 
nm. 
 
Table 5.3.2 Quenching rates of [CeIIICl6]3− using F−C6H4X (X = F, Cl, Br, I) as quenchers. 
X =  F  Cl Br I 
kSV (M-1) 20.6 59.1 66.5 240 
kq (× 108 M-1 s-1) 9.3 27 30 109 
 
Based on the above results, we expect the [CeIIICl6]3− anion to be powerful UVA light 
photoreductants capable of reducing aryl chlorides. The anionic [CeIIICl6]3− species was readily 
accessible by dissolving CeCl3 and NEt4Cl in acetonitrile. The development of photo-redox 
catalysis based on [CeIIICl6]3− species is currently underway in our lab. 
 
 




5.4.1 General Method. Unless otherwise indicated all reactions and manipulations were 
performed under an inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum 
Atmospheres, Inc. Nexus II drybox equipped with a molecular sieves 13X / Q5 Cu-0226S catalyst 
purifier system. Glassware was oven-dried overnight at 150 °C prior to use.  
1H, 19F and 13C NMR spectra were obtained at 300 K on a Bruker DMX-300 Fourier 
transform NMR spectrometer operating at a 1H frequency of 300 MHz. Chemical shifts were 
recorded in units of parts per million referenced against residual proteo solvent peaks (1H), 
deteuro solvent peaks (13C) or fluorobenzene (19F, -113.15 ppm). Elemental analyses were 
performed at Complete Analysis Laboratories, Inc. using a Carlo Erba EA 1108 analyzer. The 
qualitative analyses of volatile samples were carried out on an Agilent 5973 inert GC/MS system 
using the CI method of ionization. The quantification of volatile samples was conducted on an 
Agilent 7890A GC system using FID detention method with pre-made standard curves. 
Spectroscopic characterizations for air sensitive samples were carried out using a 10 mm 
pathlength quartz cell fused with a J-Young valve. Solution absorption spectra were collected on 
a PerkinElmer Lambda 950 UV/VIS/NIR Spectrometer. Steady state emission spectra were 
collected on Fluorolog®-3 spectrofluorometer (HORIBA Jobin Yvon, Inc.) using an R928 PMT 
detector. Deconvolution of the spectra was made with Gaussian functions using fityk18 program. 
Lifetime measurements were collected on a PTI PicoMaster TCSPC lifetime fluorometer with 340 
nm wavelength source.  
Voltammetry experiments were performed using a CH Instrument 620D Electrochemical 
Analyzer/Workstation, and the data were processed using CHI software v9.24. All experiments 
were performed in a N2 atmosphere drybox using electrochemical cells that consisted of a 4 mL 
vial, glassy carbon working electrode, a platinum wire counter electrode, and a silver wire plated 
with AgCl as a quansi-reference electrode. The quansireference electrode was prepared by 
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dipping a length of silver wire in concentrated hydrochloric acid. The working electrode surfaces 
were polished prior to each set of experiments. Potentials were reported versus ferrocene, which 
was added as an internal standard for calibration at the end of each run. Solutions employed 
during these studies were ~3 mM in analyte and 100 mM in electrolyte in 2 mL of acetonitrile. All 
data were collected in a positive-feedback IR compensation mode.  
Photo-chemical reactions were carried out in J-Young tubes or glass bombs with screwed 
on Teflon caps. Visible light irradiation was carried out with 23 W daylight compact fluorescent 
light lamps (GE-89095). Broad band UVA irradiation was carried out using 23W black light 
compact fluorescent light lamps (SleekLight-20593). Narrow band UVA irradiation was carried out 
in a Rayonet-100 photoreactor equipped with five 8 W black light fluorescent light tubes 
(HITACHI-FL8BL-B). 
5.4.2 Materials. Acetonitrile, diethyl ether and toluene were purchased from Fisher Scientific. 
The solvents were sparged for 20 min with N2 and dried using a commercial two-column solvent 
purification system comprising columns packed with Q5 reactant and neutral alumina. Deuterated 
solvents were purchased from Cambridge Isotope Laboratories, Inc. and stored over molecular 
sieves overnight prior to use. [NEt4]2[CeIVCl6] was prepared following published procedure.19  
5.4.3 X-ray Crystallography. X-ray reflection intensity data were collected on a Bruker APEXII 
CCD area detector employing graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at a 
temperature of 143(1) K. In all cases, rotation frames were integrated using SAINT,20 producing a 
listing of unaveraged F2 and σ(F2) values which were then passed to the SHELXTL21 program 
package for further processing and structure solution on a Dell Pentium 4 computer. The intensity 
data were corrected for Lorentz and polarization effects and for absorption using TWINABS22 or 
SADABS.23 The structures were solved by direct methods (SHELXS-97).24 Refinement was by 
full-matrix least squares based on F2 using SHELXL-97.24 All reflections were used during 
refinements. The weighting scheme used was w = 1/[σ2(Fo2)+ (0.0907P)2 + 0.3133P], where P = 
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(Fo2 + 2Fc2)/3. Non-hydrogen atoms were refined anisotropically, and hydrogen atoms were 
refined using a riding model. 
5.4.4 Computational Methods. Electronic structure calculations were carried out on Gaussian 
09 Rev. A.02.25 The B3LYP hybrid DFT method was employed, with a 28-electron small core 
pseudopotential on cerium with published segmented natural orbital basis set incorporating quasi-
relativistic effects,26-29 and the 6-31G* basis set for all other atoms. For geometry optimizations of 
[CeIIICl6]3−, [CeIIIBr6]3−, [CeIVCl6]2− and [CeIVBr6]2−, the coordination geometries were restricted to 
idealized octahedron. The spin state was constrained as doublet for CeIII. Frequency calculations 
were performed to indicate that the geometry was the minimum energy. Time dependent DFT 
calculations were carried out without using solvation models. Molecular orbitals were rendered 
with the program Chemcraft v1.6.26  
5.4.5  [NEt4]3[CeIIICl6] (5.1-Cl). To a 250 mL Schlenk flask containing [NEt4]2[CeIVCl6] (0.700 g, 
1.14 mmol, 1.00 equiv) and NEt4Cl (0.189 g, 1.141 mmol, 1.00 equiv) was added 20 mL toluene 
and 80 mL MeCN. The Schlenk flask was sealed under N2 atomosphere and irradiated with two 
23 W visible light compact fluorescent lamps overnight until the yellow solution turned completely 
colorless. After removal of volatiles, the resulting white solids were extracted with 3 mL MeCN 
and filtered through Celite packed on a fritted filter. The Celite was washed with 3 × 1 mL MeCN. 
Vapor diffusion of combined MeCN solution with 50 mL Et2O resulted in the precipitation of 
colorless crystals. The products were collected on a medium size fritted filter and dried under 
reduced pressure for 1h. Yield: 0.687 g, 0.925 mmol, 81%. Elemental analysis found (calculated) 
for C24H60Cl6CeN3: C, 38.69(38.77), H, 8.00(8.13), N, 5.63(5.65). Single crystals suitable for X-ray 
analysis were obtained through the same method but without drying. 
Analysis of organic product. To a 15 mL glass bomb containing [NEt4]2[CeIVCl6] (0.100 g, 0.163 
mmol, 1.00 equiv) and NEt4Cl (0.027 g, 0.163 mmol, 1.00 equiv) was added 2.17 g (2.50 mL) 
toluene and 7.86 g (10.0 mL) MeCN. The glass bomb was sealed under N2 atomosphere and 
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irradiated with two 23 W visible light compact fluorescent lamps overnight until the yellow solution 
turned completely colorless. The colorless solution was subjected for gas chromatography 
analysis to determine the concentration of organic products, including PhCH2Cl and 
PhCH2CH2Ph, using pre-made calibration curves. The GC analysis found 0.0687 mmol (0.42 
equiv) PhCH2Cl and 0.0033 mmol (0.02 equiv) PhCH2CH2Ph. 
5.4.6 [NEt4]3[CeIIIBr6] (5.1-Br). To a vial containing CeBr3 (0.038 g, 0.100 mmol, 1.00 equiv) 
suspended in 5 mL MeCN, a 5 mL MeCN solution containing NEt4Br (0.063 g, 0.300 mmol, 3.00 
equiv) was added leading to a color change to from pink to colorless. After stirring overnight, the 
solution was filter through Celite packed in a pipette filter and the Celite was washed with 2 × 1 
mL MeCN. Vapor diffusion of the combined filtrate with 8 mL Et2O led to the precipitation of 
colorless crystals. The products were collected on a medium size fritted filter and dried under 
reduced pressure for 1h. Yield: 0.076 g, 0.075 mmol, 75%. Elemental analysis found (calculated) 
for C24H60Br6CeN3: C, 28.50(28.53), H, 6.25(5.99), N, 4.19(4.16). Single crystals suitable for X-ray 
analysis were obtained through the same method but without drying. 
5.4.7 [NEt4]3[CeIII2Cl9] (5.2-Cl). To a vial with CeCl3 (0.012 g, 0.050 mmol, 1.00 equiv) 
suspended in 3 mL MeCN, a 2 mL MeCN solution containing [NEt4]3[CeIIICl6] (0.037 g, 0.050 
mmol, 1.00 equiv) was added. After stirring overnight, the mixture was filter through Celite packed 
in pipette filter and the Celite was washed with 2 × 1 mL MeCN. Vapor diffusion of the combined 
filtrate with 10 mL Et2O led to the precipitation of colorless crystals. The products were collected 
on a medium size fritted filter and dried under reduced pressure for 1h. Yield: 0.030 g, 0.030 
mmol, 61%. Elemental analysis found (calculated) for C24H60Ce2Cl9N3: C, 29.39(29.12), H, 
6.00(6.11), N, 4.23(4.24).  
5.5 X-ray data. 
Table 5.5.1 Summary of structure determination. 
 5.1-Cl•4CH3CN 5.1-Br  
Empirical formula  C32H72N7Cl6Ce C24H60N3Br6Ce  
Formula weight  907.79 1010.33  
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Temperature  100(1) K 100(1) K  
Wavelength  0.71073 Å 0.71073 Å  
Crystal system  monoclinic monoclinic  
Space group  I2/a       P21/c       
Cell constants:     
a  18.102(3) Å 11.7573(14) Å  
b  12.1714(10) Å 17.709(2) Å  
c  20.8315(16) Å 12.2838(14) Å  
 90 90  
 91.349(2)° 110.678(5)°  
 90 90  
Volume 4588.5(9) Å3 2392.9(5) Å3  
Z 4 2  
Density (calculated) 1.314 Mg/m3 1.402 Mg/m3  
Absorption coefficient 1.370 mm-1 5.974 mm-1  
F(000) 1892 986  
Crystal size 0.25 x 0.20 x 0.15 
mm3 
0.25 x 0.15 x 0.10 
mm3 
 
Theta range for data 
collection 
1.94 to 27.50° 1.85 to 27.51°  
Index ranges -23 ≤ h ≤ 23, -15 ≤ k 
≤ 15, -26 ≤ l ≤ 27 
-15 ≤ h ≤ 15, -22 ≤ k 
≤ 22, -15 ≤ l ≤ 14 
 
Reflections collected 43575 40444  
Independent 
reflections 
5274 [R(int) = 0.0208] 5478 [R(int) = 0.0196]  
Completeness to theta 
= 27.52° 
99.8 %  99.6 %   





Max. and min. 
transmission 
0.7456 and 0.7089 0.7456 and 0.5996  
Refinement method Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
 
Data / restraints / 
parameters 
5274 / 4 / 266 5478 / 0 / 203  
Goodness-of-fit on F2 1.089 1.048  
Final R indices 
[I>2sigma(I)] 
R1 = 0.0255,  
wR2 = 0.0580 
R1 = 0.0162,  
wR2 = 0.0369 
 
R indices (all data) R1 = 0.0299,  
wR2 = 0.0617 
R1 = 0.0194,  
wR2 = 0.0376 
 
Largest diff. peak and 
hole 
0.834, -1.204 e.Å-3 0.626, -0.396 e.Å-3  
 
Table 5.5.2 Bond lengths of 5.1-Cl•4CH3CN (Å). 
Ce1-Cl3#1  2.7612(6) Ce1-Cl3  2.7612(6) Ce1-Cl1  2.7790(6) 
Ce1-Cl1#1  2.7790(6) Ce1-Cl2#1  2.7988(6) Ce1-Cl2  2.7988(6) 
N1-C1  1.507(4) N1-C3  1.514(3) N1-C5  1.522(4) 
N1-C7  1.525(3) C1-C2  1.540(4) C3-C4  1.539(4) 
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C5-C6  1.515(4) C7-C8  1.513(4) N2-C11#2  1.464(4) 
N2-C11  1.464(4) N2-C9  1.471(4) N2-C9#2  1.471(4) 
N2-C13  1.489(4) N2-C13#2  1.489(4) N2-C15#2  1.670(4) 
N2-C15  1.670(4) C9-C10  1.590(5) C11-C12  1.566(5) 
C13-C14  1.525(6) C13-C15#2  2.034(6) C15-C16  1.513(7) 
C15-C13#2  2.034(6) N3-C17  1.136(4) C17-C18  1.441(4) 
N4-N4'  0.940(15) N4-C19  1.133(5) N4-C19'  1.882(16) 
C19-C20  1.461(5) C19-N4'  1.847(17) N4'-C19'  1.136(19) 
C19'-C20#3  1.648(16)     
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1/2,-y+3/2,-z+3/2    #2 -x+3/2,y,-z+1    #3 -x+1/2,y,-z+1 
 
Table 5.5.3 Bond angles of 5.1-Cl•4CH3CN (°). 
Cl3#1-Ce1-Cl3 180.0 Cl3#1-Ce1-Cl1 90.068(19) 
Cl3#1-Ce1-Cl1#1 89.932(19) Cl3-Ce1-Cl1#1 90.068(19) 
Cl3#1-Ce1-Cl2#1 89.65(2) Cl3-Ce1-Cl2#1 90.35(2) 
Cl1#1-Ce1-Cl2#1 87.252(17) Cl3#1-Ce1-Cl2 90.35(2) 
Cl1-Ce1-Cl2 87.252(17) Cl1#1-Ce1-Cl2 92.748(17) 
C1-N1-C3 111.2(3) C1-N1-C5 112.2(3) 
C1-N1-C7 106.01(19) C3-N1-C7 111.8(2) 
N1-C1-C2 115.4(3) N1-C3-C4 113.7(2) 
C8-C7-N1 114.3(2) C11#2-N2-C11 68.0(3) 
C11-N2-C9 111.1(2) C11#2-N2-C9#2 111.1(2) 
C9-N2-C9#2 69.8(4) C11#2-N2-C13 65.1(2) 
C9-N2-C13 116.3(3) C9#2-N2-C13 62.6(2) 
C11-N2-C13#2 65.1(2) C9-N2-C13#2 62.6(2) 
C13-N2-C13#2 178.8(4) C11#2-N2-C15#2 105.6(3) 
C9-N2-C15#2 75.0(2) C9#2-N2-C15#2 106.1(2) 
C13#2-N2-C15#2 100.1(2) C11#2-N2-C15 73.4(2) 
C9-N2-C15 106.1(2) C9#2-N2-C15 75.0(2) 
C13#2-N2-C15 80.0(2) C15#2-N2-C15 178.8(4) 
N2-C11-C12 114.5(3) N2-C13-C14 109.4(3) 
C14-C13-C15#2 55.5(3) C16-C15-N2 115.1(4) 
N2-C15-C13#2 46.12(15) N3-C17-C18 179.4(4) 
N4'-N4-C19' 27.6(9) C19-N4-C19' 98.8(5) 
N4-C19-N4' 24.4(4) C20-C19-N4' 154.9(5) 
N4-N4'-C19 29.9(6) C19'-N4'-C19 100.7(12) 
N4'-C19'-N4 22.6(9) C20#3-C19'-N4 153.3(10) 
Cl3-Ce1-Cl1 89.932(19) C11#2-N2-C13#2 116.0(3) 
Cl1-Ce1-Cl1#1 180.0 C9#2-N2-C13#2 116.3(3) 
Cl1-Ce1-Cl2#1 92.748(17) C11-N2-C15#2 73.4(2) 
Cl3-Ce1-Cl2 89.65(2) C13-N2-C15#2 80.0(2) 
Cl2#1-Ce1-Cl2 180.0 C11-N2-C15 105.6(3) 
C3-N1-C5 105.5(2) C13-N2-C15 100.1(2) 
C5-N1-C7 110.2(2) N2-C9-C10 113.1(3) 
C6-C5-N1 114.8(3) N2-C13-C15#2 53.92(17) 
C11#2-N2-C9 178.6(3) C16-C15-C13#2 69.0(3) 
C11-N2-C9#2 178.6(3) N4'-N4-C19 125.7(9) 
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C11-N2-C13 116.0(3) N4-C19-C20 179.3(4) 
N4'-C19'-C20#3 175.6(16) N4-N4'-C19' 129.8(17) 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1/2,-y+3/2,-z+3/2    #2 -x+3/2,y,-z+1    #3 -x+1/2,y,-z+1      
Table 5.5.4 Bond lengths of 5.1-Br (Å). 
Ce1-Br3  2.9134(3) Ce1-Br3#1  2.9134(3) Ce1-Br2  2.9249(3) 
Ce1-Br2#1  2.9249(3) Ce1-Br1  2.9484(3) Ce1-Br1#1  2.9484(3) 
N1-C5  1.521(2) N1-C3  1.522(2) N1-C7  1.522(2) 
N1-C1  1.524(2) C1-C2  1.502(3) C3-C4  1.517(2) 
C5-C6  1.510(3) C7-C8  1.516(3) N2-C13#2  1.355(4) 
N2-C13  1.355(4) N2-C15#2  1.429(3) N2-C15  1.429(3) 
N2-C9#2  1.608(4) N2-C9  1.608(4) N2-C11  1.761(4) 
N2-C11#2  1.761(4) C9-C10  1.501(12) C11-C12  1.509(6) 
C13-C14  1.547(12) C15-C16  1.525(5)   
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y+1,-z+2    #2 -x+1,-y+1,-z+2      
Table 5.5.5 Bond angles of 5.1-Br (°). 
Br3-Ce1-Br3#1 180.0 Br3-Ce1-Br2 89.873(10) 
Br3-Ce1-Br2#1 90.127(10) Br3#1-Ce1-Br2#1 89.873(10) 
Br3-Ce1-Br1 88.979(7) Br3#1-Ce1-Br1 91.021(7) 
Br2#1-Ce1-Br1 90.979(9) Br3-Ce1-Br1#1 91.021(7) 
Br2-Ce1-Br1#1 90.979(9) Br2#1-Ce1-Br1#1 89.021(9) 
C5-N1-C3 111.31(13) C5-N1-C7 110.99(13) 
C5-N1-C1 105.92(13) C3-N1-C1 110.77(13) 
C2-C1-N1 115.03(15) C4-C3-N1 115.14(13) 
C8-C7-N1 115.14(14) C13#2-N2-C13 180.0(2) 
C13-N2-C15#2 51.4(2) C13#2-N2-C15 51.4(2) 
C15#2-N2-C15 180.000(1) C13#2-N2-C9#2 109.9(2) 
C15#2-N2-C9#2 110.9(2) C15-N2-C9#2 69.1(2) 
C13-N2-C9 109.9(2) C15#2-N2-C9 69.1(2) 
C9#2-N2-C9 180.0(2) C13#2-N2-C11 73.0(2) 
C15#2-N2-C11 81.30(18) C15-N2-C11 98.70(18) 
C9-N2-C11 95.7(2) C13#2-N2-C11#2 107.0(2) 
C15#2-N2-C11#2 98.70(18) C15-N2-C11#2 81.30(18) 
C9-N2-C11#2 84.3(2) C11-N2-C11#2 180.000(1) 
C12-C11-N2 115.3(3) N2-C13-C14 113.1(5) 
Br3#1-Ce1-Br2 90.127(10) C13-N2-C15 128.6(2) 
Br2-Ce1-Br2#1 180.0 C13-N2-C9#2 70.1(2) 
Br2-Ce1-Br1 89.021(9) C13#2-N2-C9 70.1(2) 
Br3#1-Ce1-Br1#1 88.979(7) C15-N2-C9 110.9(2) 
Br1-Ce1-Br1#1 180.0 C13-N2-C11 107.0(2) 
C3-N1-C7 106.35(12) C9#2-N2-C11 84.3(2) 
C7-N1-C1 111.59(13) C13-N2-C11#2 73.0(2) 
C6-C5-N1 115.11(15) C9#2-N2-C11#2 95.7(2) 
C13#2-N2-C15#2 128.6(2) C10-C9-N2 118.6(4) 
N2-C15-C16 106.4(3)   
 
 
Chapter 5 – Photochemistry of Hexahalocerate Anions in Acetonitrile| 306 
 
 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+2,-y+1,-z+2    #2 -x+1,-y+1,-z+2      
5.6 Coordinated of Optimized Geometries from DFT. 
Table 5.6.1 Optimized coordinates of [CeIVCl6]2- anion (gas phase). 
Ce 0.000000 0.000000 0.000000 Cl 0.000000 -2.671432 0.000000 
Cl 0.000000 0.000000 2.671432 Cl 0.000000 0.000000 -2.671432 
Cl 0.000000 2.671432 0.000000 Cl -2.671432 0.000000 0.000000 
Cl 2.671432 0.000000 0.000000     
 
Table 5.6.2 Optimized coordinates of [CeIIICl6]3- anion (gas phase). 
Ce 0.000000 0.000000 0.000000 Cl 0.000000 -2.883207 0.000000 
Cl 0.000000 0.000000 2.883207 Cl 0.000000 0.000000 -2.883207 
Cl 0.000000 2.883207 0.000000 Cl -2.883207 0.000000 0.000000 
Cl 2.883207 0.000000 0.000000     
 
Table 5.6.3 Optimized coordinates of [CeIVBr6]2- anion (gas phase). 
Ce 0.000000 0.000000 0.000000 Br 0.000000 -2.811462 0.000000 
Br 0.000000 0.000000 2.811462 Br 0.000000 0.000000 -2.811462 
Br 0.000000 2.811462 0.000000 Br -2.811462 0.000000 0.000000 
Br 2.811462 0.000000 0.000000     
 
Table 5.6.4 Optimized coordinates of [CeIIIBr6]3- anion (gas phase). 
Ce 0.000000 0.000000 0.000000 Br 0.000000 -3.022450 0.000000 
Br 0.000000 0.000000 3.022450 Br 0.000000 0.000000 -3.022450 
Br 0.000000 3.022450 0.000000 Br -3.022450 0.000000 0.000000 
Br 3.022450 0.000000 0.000000     
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Chapter 6. Concluding Remarks 
6.1 Opportunities of Applying C−F→Ln/An Interactions in Synthetic f-Block Element 
Chemistry. In chapter 2 and 3 of this dissertation, we have studied C−F→Ln/An interactions and 
applied them in synthetic f-block element chemistry. 
In chapter 2, we described the use of weak C−F→Ln/An interactions to stabilize f-block 
element complexes with low nuclearity. A combination of synthetic and computational studies on 
uranium and lanthanide fluorinated amide complexes was carried out to investigate C−F→Ln/An 
interactions.1,2 These interactions can be readily identified by the short F→Ln/An contacts in 
solid-state molecular structures as well as significant paramagnetically shifted ortho-F 
resonances in 19F NMR spectroscopy. These interactions were shown to influence the electronic 
structures of metal centers by imposing larger crystal field splittings and modulating the 
coordination geometry of the complexes. The computational and variable temperature NMR 
studies revealed the facile nature of these interactions (~8.9 kcal∙mol-1 for C−F→UIV in 
U[N(C6H5)(C6F5)]4), allowing for their applications as masks for the electrophilic metal centers.  
The applications of C−F→Ln/An interactions in synthetic f-block element chemistry were 
delineated in Chapter 3. C−F→Ln/An interactions were used as temporary masks for the 
electrophilic lanthanide cations. Their displacement by donor molecules led to unconventional 
coordination chemistry, including the facile synthesis of η6-arene adducts of cerium(III)2 and the 
isolation of a unique example featuring κ2-18-crown-6 coordinated to an f-block cation as a kinetic 
product.3 C−F→Ln/An interactions were also demonstrated to direct tripodal molecular 
geometries of uranium(IV) complexes. In addition, the silyl group migration reactions from 
−N(SiMe3)(C6F5) ligands upon electrophilic metal cation coordination were also shown.4 
 The large ionic radius and non-directional bonding character of low-valent f-block cations 
resulted in complicated solution dynamics of f-block element complexes. Thus, ligands with high 
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steric demands and ligands with high denticity were typically applied to access well-defined f-
block complexes.5 However, the use of bulky ligands or chelating ligands may simply prevent 
access to metal coordination sphere and lead to lower reactivity.6 We offer that the incorporation 
of C−F→Ln/An interactions into ligand design as an alternative strategy for well-defined f-block 
complexes. These weak interactions can be readily replaced by substrates, giving rise to new f-
block coordination and reaction chemistry. 
6.2 Challenges and Opportunities in f-Block Element Photochemistry. In chapter 4 and 5 
of this dissertation, we have demonstrated the use of molecular cerium(III) complexes as photo-
reductants to mediate organic transformations, taking advantages of their metal-centered 2D 
excited states. 
In Chapter 4, the structure function relationship for molecular cerium(III) emitters was 
established through the preparation of two complete mixed-ligand series of luminescent 
cerium(III) guanidinate amide/aryloxide complexes. First, the energies of cerium(III) 4f→5d 
absorptive transitions were found to be strongly dependent on the ligand field splitting of the 5d 
orbitals since the energies of cerium(III) 4f orbitals are less influenced by the ligand environment. 
Such relationship between cerium(III) absorption profile and cerium(III) coordination environment 
can be extended to the solid-state materials doped with Ce3+ cations. For example, the yellow 
appearance of Ce3+ doped in yttrium aluminum garnet lattice (YAG:Ce) is attributable to the non-
bonding character of 5dz2 and 5dx2-y2 orbitals of Ce3+ cations in the cubic coordination 
environment.7 Similarly, the octahedral coordination environment for Ce3+ doped in elapsolite 
structure (Cs2NaYCl6:Ce) pushed the lowest 4f→5d absorptive transition into ultra violet region.8 
Conversely, the coordination environment of Ce3+ cations in complexes and solid-state materials 
may be interpreted from their absorption spectra. In addition, the influence of structural factors on 
emission color, quantum yield and lifetime were also demonstrated through stepwise structural 
variations in the mixed-ligand series of luminescent cerium(III) complexes. More specifically, the 
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vibrational relaxation and quenching processes through C−H oscillators close to the metal cation 
was called to attention. Notably, these works in Chapter 4 provided a major expansion to the 
scope of bright molecular cerium(III) emitters. Photoluminescence quantum yields were 
determined to be 0.79(2), 0.81(2) and 0.80(3) for [(Me3Si)2NC(NiPr)2]2Ce[N(SiMe3)2], 
[(Me3Si)2NC(NiPr)2]3Ce and [NEt4]{CeCl[N(SiMe3)2]3}, respectively. Prior to this work, molecular 
CeIII emitters reported with high quantum yields were very rare. The only two literature examples 
to our knowledge include (C5Me5)2CeI2K(thf)2 (ΦPL ~ 0.7)9 and a cerium polybenzimidazole 
complex (ΦPL = 0.55).10  
The structure and reactivity relationship for the luminescent cerium(III) complexes was 
established through comparison of their stoichiometric and catalytic photochemical reactivities 
toward benzyl chloride, aryl bromides and aryl iodides. Two different reaction pathways, namely 
the inner sphere and outer sphere electron transfer pathways, were operational for cerium(III) 
photosensitizers, based on the steric factors around Ce3+ cations. We expect these results will 
serve as guidelines for rational design of cerium(III) luminophores with desired optical and 
photochemical properties. 
In the course of our studies, the corresponding cerium(IV) complexes were independently 
synthesized to support our assignments of products. We also noted that the cerium(IV) 
guanidinate complexes were interesting chromophores. For example, complex 
[(Me3Si)2NC(NiPr)2]CeIVCl[N(SiMe3)2]2 is a black compound and complex 
{[(Me3Si)2NC(NiPr)2]3CeIV}[BArF4] (ArF = 3,5-trifluoromethylphenyl) exhibited a green coloration. 
Closer inspections on their electronic absorption spectra revealed very low energy absorption 
bands as low as 775 nm (1.6 eV) in {[(Me3Si)2NC(NiPr)2]3CeIV}[BArF4], indicating small HOMO-
LUMO gaps in these complexes. These bands were assigned by computational studies to ligand-
to-metal charge transfer transitions from guanidinate non-bonding π orbitals to cerium(IV) 4f 
orbital. The small HOMO-LUMO gap is an important factor for complex that exhibits multi-
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configurational ground state behaviors11 based on the molecular Hubbard model.12 For example, 
the ground state of the red cerocene complex (absorption feature at 2.1 eV) was established to 
involve a mixture of closed shell singlet and open shell singlet electronic configurations.13,14 
 The studies of hexachlorocerate(III) trianion species as UVA photo-reductants outlined in 
Chapter 5 demonstrated our efforts in accessing more potent and practical cerium(III) photo-
reductants. Compared to the cerium(III) guandinate amide complexes described in Chapter 4, the 
air and moisture stable hexachlorocerate(III) trianion species is readily accessible by dissolving 
CeCl3 in acetonitrile solution in the presence of excess NEt4Cl. The relatively low pKa of the 
chloride ligands allowed the hexachlorocerate(III) trianions to function in neutral conditions. Most 
importantly, the hexachlorocerate(III) trianion species was shown as a potent photo-reductant, 
capable of reducing aryl chloride substrates. 
All of the above major findings contributed to launching a new direction in lanthanide 
chemistry, awaiting the young enterprising readers to explore. Even though the prospects are 
promising, challenges also exist. Herein, we summarized several aspects that we think are critical 
to the future development of lanthanide photochemistry. 
6.2.1 Inner Sphere Photoreductant – Chemo- and Regio-selectivity. The orbital 
contributions to the long-lived excited states are distinctly different between cerium(III) and 
transition metal photosensitizers. Transition metal photoreductants, including copper(I),15-25 
gold(I),26,27 tungsten(0),28,29 ruthenium(II) and iridium(III)30-36 complexes functions in their metal-to-
ligand charge transfer triplet excited states (3MLCT). In contrast, the long-lived doublet excited 
states were metal-centered (2MC) for cerium(III) photosensitizers leading to distinct reactivity. In 
particular, Ce[N(SiMe3)2]3 was demonstrated as an inner sphere photo-reductant.37 The favorable 
metalloradical-like frontier orbitals and strong Lewis acidity of Ce3+ cations allowed them to 
directly abstract halogen atoms from halocarbon substrates. This reactivity is distinctly different 
from the transition metal photosensitizers, where the single electron transfer occurred through an 
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outer sphere process. Thus, the inner sphere CeIII photosensitizers were expected to 
demonstrate unique chemo- and region-selectivity for different C−X bonds (Figure 6.2.1). The 
difference in bond dissociation energies of C−X bonds may allow the chemo-selectivity for C−Cl, 
C−Br and C−I bonds. The selectivity between C(sp2)−X and C(sp3)−X bonds, activated (benzylic 
or allylic) and unactivate C−X bonds is also of interest. In addition, the primary, secondary and 
tertiary C−X bonds may be distinguished by the inner sphere cerium(III) photosensitizers since 
their association to Ce3+ cations is the elementary step prior to halogen atom abstraction reaction. 
The combination of steric and electronic effect may also led to region-selective abstraction of 
ortho-, meta- and para- halogen atoms on an aromatic ring. 
 
Figure 6.2.1 Representative targets for demonstrating chemo- and regio-selectivity. 
 
6.2.2 Photosensitization of Ce3+ Cations. Currently, the major challenge in applying 
cerium(III) photosensitizers in photoredox catalysis lies in their low efficiency. Reaction time on 
the order of several days was required for the benzene arylation reactions in order to reach good 
conversion.37 The slow reaction rates were attributable to the low absorptivity of cerium(III) 
photosensitizers. The extinction coefficients found for the metal-centered 4f→5d absorption 
features were at 102−103 M-1 cm-1, much smaller than that found for transition metal MLCT bands 
(104−105 M-1 cm-1). A comparison of electronic absorption spectra for Ce[N(SiMe3)2]3 and 
Ru(bipy)3Cl2 (bipy = 2,2'-bipyridine) was shown in Figure 6.2.2. However, cerium is a much more 
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abundant element than ruthenium or iridium in earth’s upper crust.38 Such abundance of the 
element motivated us to develop effective stoichiometric and catalytic photochemical reactions 
with cerium(III) complexes. 
 In order to increase the photon absorbing efficiency of cerium(III) photosensitizers, we 
can envision two general methods. One method is to increase cerium(III) 4f→5d transition dipole 
moment to improve absorptivity of metal-centered transitions. Alternatively, strong absorbers can 
be incorporated in the ligand framework of the cerium(III) complexes to increase the photon 
capturing efficiency of the complexes. The energy of absorbed photons then can be transferred to 
cerium(III) long-lived 2D excited states. However, we are unaware of any literature precedence in 
sensitizing f→d transitions. Thus, a thorough study on the efficiency in energy transfer to 
cerium(III) 2D excited states from different types of higher energy excited states, including 1LMCT 
states, ligand centered singlet, doublet and triplet excited states (Figure 6.2.3), is critical to tackle 
this problem. 
 
Figure 6.2.2 (left) Comparison of absorption spectra of Ce[N(SiMe3)2]3 in toluene and 
Ru(bipy)3Cl2 in H2O. (right) Comparison of extinction coefficient times relative abundance of 
Ce[N(SiMe3)2]3 and Ru(bipy)3Cl2. 
 
 





Figure 6.2.3 General scheme for sensitizing cerium(III) cation.  
6.2.3 Extending Reductive Photochemistry to Eu2+ and Yb2+ Cations. The photoreductive 
chemistry of Ce3+ cations may be extendable to other redox active lanthanide cations. Notably, 
Eu2+ and Yb2+ cations with 4f7 and 4f14 electron configurations demonstrated simple 8S7/2 and 1S0 
ground states39, respectively. The role of light in the reductive chemistry of organometallic EuII 
and YbII complexes was implicated previously in several instances. Watson and co-workers 
reported stoichiometric fluorine atom abstraction reactions with europium (II) and ytterbium(II) 
cyclopentadienide derivatives.40 They also demonstrated that visible light of wavelengths >560 
nm promoted the Yb-defluorination reactions.41 Therefore, a reductive excited state was 
implicated in their chemistry. Recently, Deacon and co-workers reported the fluorine atom 
abstraction reactivity of EuII(p-HC6F4N(CH2)2NMe2)2(thf)2 to afford N-(2,3,5-trifluorophenyl)-N'-
dimethylethlenediamine.42 This reaction was found to proceed only in the presence of light. Thus, 
we think these two cations are the primary targets for the development of new stoichiometric and 
catalytic photoreduction chemistry. More importantly, the Eu2+ and Yb2+ cations are expected to 
be more reductive in the same ligand framework compared to Ce3+ cation. We expect Eu2+ and 
Yb2+ cations in their long-lived excited states will be capable of reducing more challenging 
substrates, including aryl fluorides. 
6.2.4 Small Molecule Activation through Photoreductive Method. The metalloradical-like 
2D excited states of CeIII cations in planar coordination geometries strongly resembles the 
ground-state electronic structures of porphyrinato cobalt(II)43 and rhodium(II)44 complexes. In 
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particular, the rhodium(II) porphyrinates were well-established metalloradicals for small molecule 
activation.44-52 Thus, we propose that the lanthanide photoreduction chemistry can be applied for 
activation of small molecules, including CO and CO2 (Figure 6.2.4). The reductive activation 
chemistry of CO was reported for uranium(III) complexes,53-59 leading to carbon-carbon coupling 
reactivity due to the high affinity of f-block cations for oxygen atoms. The reactivity of uranium(III) 
complexes toward CO2 was also well established,60-73 leading to oxide, carbonate, oxalate 
products and a single example of O-bound CO2 in η1 coordination mode.74 
 
Figure 6.2.4 Proposed activation of CO and CO2 with reductive lanthanide photochemistry. 
 
With the many possible avenues summarized above, we believe there are rich 
opportunities in developing new f-block element photochemistry. 
6.3 References 
 (1) Yin, H.; Lewis, A. J.; Williams, U. J.; Carroll, P. J.; Schelter, E. J., Chem. Sci. 
2013, 4, 798. 
 (2) Yin, H.; Lewis, A. J.; Carroll, P.; Schelter, E. J., Inorg. Chem. 2013, 52, 8234. 
 (3) Yin, H.; Robinson, J. R.; Carroll, P. J.; Walsh, P. J.; Schelter, E. J., Chem. 
Commun. 2014, 50, 3470. 
 (4) Mullane, K. C.; Lewis, A. J.; Yin, H.; Carroll, P. J.; Schelter, E. J., Inorg. Chem. 
2014, 53, 9129. 
 (5) Castro-Rodriguez, I.; Olsen, K.; Gantzel, P.; Meyer, K., J. Am. Chem. Soc. 2003, 
125, 4565. 
 (6) Lewis, A. J.; Williams, U. J.; Carroll, P. J.; Schelter, E. J., Inorg. Chem. 2013, 52, 
7326. 
 (7) Blasse, G.; Bril, A., Appl. Phys. Lett. 1967, 11, 53. 
 (8) Kramer, K. W.; Dorenbos, P.; Gudel, H. U.; van Eijk, C. W. E., J. Mater. Chem. 
2006, 16, 2773. 
 (9) Hazin, P. N.; Lakshminarayan, C.; Brinen, L. S.; Knee, J. L.; Bruno, J. W.; Streib, 
W. E.; Folting, K., Inorg. Chem. 1988, 27, 1393. 
 (10) Zheng, X.-L.; Liu, Y.; Pan, M.; Lü, X.-Q.; Zhang, J.-Y.; Zhao, C.-Y.; Tong, Y.-X.; 
Su, C.-Y., Angew. Chem., Int. Ed. 2007, 46, 7399. 
 (11) Booth, C. H.; Walter, M. D.; Kazhdan, D.; Hu, Y.-J.; Lukens, W. W.; Bauer, E. D.; 
Maron, L.; Eisenstein, O.; Andersen, R. A., J. Am. Chem. Soc. 2009, 131, 6480. 
 (12) Lukens, W. W.; Magnani, N.; Booth, C. H., Inorg. Chem. 2012, 51, 10105. 
 
 
Chapter 6 – Concluding Remarks| 316 
 
 
 (13) Walter, M. D.; Booth, C. H.; Lukens, W. W.; Andersen, R. A., Organometallics 
2009, 28, 698. 
 (14) Booth, C. H.; Walter, M. D.; Daniel, M.; Lukens, W. W.; Andersen, R. A., Phys. 
Rev. Lett. 2005, 95, 267202. 
 (15) Kern, J.-M.; Sauvage, J.-P., J. Chem. Soc., Chem. Commun. 1987, 546. 
 (16) Ratani, T. S.; Bachman, S.; Fu, G. C.; Peters, J. C., J. Am. Chem. Soc. 2015, 
137, 13902. 
 (17) Ziegler, D. T.; Choi, J.; Muñoz-Molina, J. M.; Bissember, A. C.; Peters, J. C.; Fu, 
G. C., J. Am. Chem. Soc. 2013, 135, 13107. 
 (18) Uyeda, C.; Tan, Y.; Fu, G. C.; Peters, J. C., J. Am. Chem. Soc. 2013, 135, 9548. 
 (19) Tan, Y.; Munoz-Molina, J. M.; Fu, G. C.; Peters, J. C., Chem. Sci. 2014, 5, 2831. 
 (20) Miller, A. J. M.; Dempsey, J. L.; Peters, J. C., Inorg. Chem. 2007, 46, 7244. 
 (21) Lotito, K. J.; Peters, J. C., Chem. Commun. 2010, 46, 3690. 
 (22) Harkins, S. B.; Peters, J. C., J. Am. Chem. Soc. 2005, 127, 2030. 
 (23) Creutz, S. E.; Lotito, K. J.; Fu, G. C.; Peters, J. C., Science 2012, 338, 647. 
 (24) Bissember, A. C.; Lundgren, R. J.; Creutz, S. E.; Peters, J. C.; Fu, G. C., Angew. 
Chem., Int. Ed. 2013, 52, 5129. 
 (25) Pirtsch, M.; Paria, S.; Matsuno, T.; Isobe, H.; Reiser, O., Chem. – Eur. J. 2012, 
18, 7336. 
 (26) Revol, G.; McCallum, T.; Morin, M.; Gagosz, F.; Barriault, L., Angew. Chem., Int. 
Ed. 2013, 52, 13342. 
 (27) Li, D.; Che, C.-M.; Kwong, H.-L.; Yam, V. W.-W., J. Chem. Soc., Dalton Trans. 
1992, 3325. 
 (28) Sattler, W.; Henling, L. M.; Winkler, J. R.; Gray, H. B., J. Am. Chem. Soc. 2015, 
137, 1198. 
 (29) Sattler, W.; Ener, M. E.; Blakemore, J. D.; Rachford, A. A.; LaBeaume, P. J.; 
Thackeray, J. W.; Cameron, J. F.; Winkler, J. R.; Gray, H. B., J. Am. Chem. Soc. 2013, 135, 
10614. 
 (30) Zeitler, K., Angew. Chem., Int. Ed. 2009, 48, 9785. 
 (31) Narayanam, J. M. R.; Stephenson, C. R. J., Chem. Soc. Rev. 2011, 40, 102. 
 (32) Xuan, J.; Xiao, W.-J., Angew. Chem., Int. Ed. 2012, 51, 6828. 
 (33) Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C., Chem. Rev, 2013, 113, 5322. 
 (34) Reckenthäler, M.; Griesbeck, A. G., Adv. Synth. Catal. 2013, 355, 2727. 
 (35) Xi, Y.; Yi, H.; Lei, A., Org. Biomol. Chem. 2013, 11, 2387. 
 (36) Koike, T.; Akita, M., Inorg. Chem. Front. 2014, 1, 562. 
 (37) Yin, H.; Carroll, P. J.; Anna, J. M.; Schelter, E. J., J. Am. Chem. Soc. 2015, 137, 
9234. 
 (38) Haxel, G. B., Hedrick, J. B., Orris, G. J. Rare Earth Elements—Critical Resources 
for High Technology; U.S. Geological Survey 2002. 
 (39) Aspinall, H. C., Chemistry of the f-Block Elements. CRC Press: 2001. 
 (40) Finke, R. G.; Keenan, S. R.; Schiraldi, D. A.; Watson, P. L., Organometallics 
1986, 5, 598. 
 (41) Watson, P. L.; Tulip, T. H.; Williams, I., Organometallics 1990, 9, 1999. 
 (42) Deacon, G. B.; Junk, P. C.; Kelly, R. P.; Wang, J., Dalton Trans. 2016, 45, 1422. 
 (43) Li, S.; Bruin, B. d.; Peng, C.-H.; Fryd, M.; Wayland, B. B., J. Am. Chem. Soc. 
2008, 130, 13373. 
 (44) Del Rossi, K. J.; Wayland, B. B., J. Am. Chem. Soc. 1985, 107, 7941. 
 (45) Sarkar, S.; Li, S.; Wayland, B. B., J. Am. Chem. Soc. 2010, 132, 13569. 
 (46) Imler, G. H.; Zdilla, M. J.; Wayland, B. B., J. Am. Chem. Soc. 2014, 136, 5856. 
 (47) Cui, W.; Zhang, X. P.; Wayland, B. B., J. Am. Chem. Soc. 2003, 125, 4994. 
 
 
Chapter 6 – Concluding Remarks| 317 
 
 
 (48) Cui; Wayland, B. B., J. Am. Chem. Soc. 2006, 128, 10350. 
 (49) Sherry, A. E.; Wayland, B. B., J. Am. Chem. Soc. 1989, 111, 5010. 
 (50) Fu, X.; Wayland, B. B., J. Am. Chem. Soc. 2004, 126, 2623. 
 (51) Zhang, X.-X.; Wayland, B. B., J. Am. Chem. Soc. 1994, 116, 7897. 
 (52) Cui, W.; Wayland, B. B., J. Am. Chem. Soc. 2004, 126, 8266. 
 (53) Gardner, B. M.; Stewart, J. C.; Davis, A. L.; McMaster, J.; Lewis, W.; Blake, A. J.; 
Liddle, S. T., Proc. Natl. Acad. Sci. 2012, 109, 9265. 
 (54) Tsoureas, N.; Summerscales, O. T.; Cloke, F. G. N.; Roe, S. M., Organometallics 
2013, 32, 1353. 
 (55) Frey, A. S. P.; Cloke, F. G. N.; Coles, M. P.; Maron, L.; Davin, T., Angew. Chem., 
Int. Ed. 2011, 50, 6881. 
 (56) Summerscales, O. T.; Cloke, F. G. N.; Hitchcock, P. B.; Green, J. C.; Hazari, N., 
Science 2006, 311, 829. 
 (57) Arnold, P. L., Chem. Commun. 2011, 47, 9005. 
 (58) Mansell, S. M.; Kaltsoyannis, N.; Arnold, P. L., J. Am. Chem. Soc. 2011, 133, 
9036. 
 (59) Arnold, P. L.; Turner, Z. R.; Bellabarba, R. M.; Tooze, R. P., Chem. Sci. 2011, 2, 
77. 
 (60) Schmidt, A.-C.; Nizovtsev, A. V.; Scheurer, A.; Heinemann, F. W.; Meyer, K., 
Chem. Commun. 2012, 48, 8634. 
 (61) Lam, O. P.; Meyer, K., Polyhedron 2012, 32, 1. 
 (62) Schmidt, A.-C.; Heinemann, F. W.; Maron, L.; Meyer, K., Inorg. Chem. 2014, 53, 
13142. 
 (63) Lam, O. P.; Franke, S. M.; Heinemann, F. W.; Meyer, K., J. Am. Chem. Soc. 
2012, 134, 16877. 
 (64) Schmidt, A.-C.; Heinemann, F. W.; Lukens, W. W.; Meyer, K., J. Am. Chem. Soc. 
2014, 136, 11980. 
 (65) Lam, O. P.; Bart, S. C.; Kameo, H.; Heinemann, F. W.; Meyer, K., Chem. 
Commun. 2010, 46, 3137. 
 (66) Lam, O. P.; Anthon, C.; Meyer, K., Dalton Trans. 2009, 9677. 
 (67) Bart, S.; Meyer, K., Highlights in Uranium Coordination Chemistry. Springer: 
2008. 
 (68) Castro, L.; Lam, O. P.; Bart, S. C.; Meyer, K.; Maron, L., Organometallics 2010, 
29, 5504. 
 (69) Castro-Rodriguez, I.; Meyer, K., J. Am. Chem. Soc. 2005, 127, 11242. 
 (70) Zuend, S. J.; Lam, O. P.; Heinemann, F. W.; Meyer, K., Angew. Chem., Int. Ed. 
2011, 50, 10626. 
 (71) Bart, S. C.; Anthon, C.; Heinemann, F. W.; Bill, E.; Edelstein, N. M.; Meyer, K., J. 
Am. Chem. Soc. 2008, 130, 12536. 
 (72) Schmidt, A.-C.; Heinemann, F. W.; Kefalidis, C. E.; Maron, L.; Roesky, P. W.; 
Meyer, K., Chem. – Eur. J. 2014, 20, 13501. 
 (73) Tsoureas, N.; Castro, L.; Kilpatrick, A. F. R.; Cloke, F. G. N.; Maron, L., Chem. 
Sci. 2014, 5, 3777. 
 (74) Castro-Rodriguez, I.; Nakai, H.; Zakharov, L. N.; Rheingold, A. L.; Meyer, K., 
Science 2004, 305, 1757. 
 
 
